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THE SUBCORONARY IMPLANTATION OF A FLEXIBLE 
TRICUSPID AORTIC VALVE PROSTHESIS 


Benson B. Roe, M.D., Mervyn F. Burke, M.D. (by invitation), and 
Harry Zehner, Jr., M.D. (by invitation ), San Francisco, Calif. 


i eae YEARS AGO we reported to this Association that a flexible plastie tricuspid 
aortic valve prosthesis had undergone successful testing in animals by long- 
term implantation in the ascending aorta.’* Three dogs in which these valves 
have been implanted are still living and angiograms have shown the prosthetic 
valve to be still competent. When the anatomic valve was made incompetent 
in these animals they did not survive. It was evident that the subecoronary 
position of the valve was necessary for coronary filling during diastole and that 
the usefulness of this valve would be dependent upon the development of a 
technique for placing it there. 

Several improvements in the design, material, and production of this valve 
have sinee been effected. While maintaining the basie characteristics of the 
cusps, we have incorporated new features which have made the valve suitable 
for intracardiac implantation in the subeoronary position. The current model 
(Fig. 1) is constructed so that it has the shortest possible axial length which 
is still adequate to support the valve cusps. Since the septal leaflet of the mitral 
valve forms the medial wall of the left ventricular outflow tract (see Fig. 5, A), 
it is essential that the prosthesis not protrude into the ventricle. Obviously the 
distal edge of the prosthesis must be proximal to the ostia of the coronary 
arteries. Unfortunately the distance between these two structures is only a 
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few millimeters and provides the greatest limiting factor to prosthetic implanta- 
tion. Additional shortening of the valve jacket in the critical area beneath the 
coronary ostia has been accomplished by scalloping the distal edge (Fig. 1). 
Since the elastomer (silicone) material of which this valve is constructed 
has proved to be resistant to clotting and tissue reaction, its fixation was de- 
pendent upon sutures and friction in the formerly reported technique. In the 
subeoronary position, however, the valve will not be held by the surrounding 


Fig. 1—Photograph of the smvoth-surfaced flexible valve. A single cusp is retracted 
in the open position. Note the cut-away in the cylinder between the commissures which 
provides a margin for the coronary ostia. Note also the compressed Ivalon ring which has 
protected contact with the endothelium. 


Fig. 2.—Plaster casting of left ventricular outflow tract and aorta in a dog. Note that there 
is no ring in the valve area. 


tissues because of the irregularly tapering contour of the outflow tract (Fig. 2) 
and the proximity of the highly flexible mitral valve leaflet. For this reason 
it has been essential to incorporate two additional features in the jacket: 
(1) a ring of silicone rubber with greater hardness through which sutures are 
less likely to tear, and (2) a ring of Ivalon sponge bonded to the silicone which 
we hope will be invaded by fibrous tissue for fixation if the sutures fail to 
hold (Fig. 3). 
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TECHNIQUE OF IMPLANTATION 


Technical difficulties were encountered in our initial attempts to suture 
this valve into place precisely in the area described so that neither the coronary 
ostia nor the mitral valve was obstructed. Surgical exposure of the full eir- 
eumference of the aortic ‘‘root’’ is limited and awkward at best, particularly 
through a vertical aortotomy. The placing of sutures was nearly impossible by 


Fig. 3.—Diagram of sagittal section through valve prosthesis which shows position of 
oe. location of hard plastic band, and Ivalon sponge “jacket.” Note flared edges for tight 
surface contact. 





1.Knot hidden behind upper lip of valve 
2.Ivalon covered above and below 
3.Feathered edges to prevent clot 
4.Hard silastic to hold suture 


Fig. 4.—Diagram of operative approach through a right thoracotomy. 


ordinary methods because of the difficulty in directing needles vertically. The 
present technique, however, has largely overcome these obstacles and it is now 
possible to insert the valve in the subeoronary position through a transverse 
aortotomy (Fig. 4) with seven precisely placed sutures in a period which seldom 
exceeds 30 minutes of aortie cross-clamping. Myocardial ischemia is reduced 





ROE, BURKE, ZEHNER J. Thoracic and 


Cardiovas. Surg. 


B. 


Suture placed 
vertically in 
\\ aortic root. 














Aortic valve cusps . Sutures in 
being, excised. place 


D. 


Prosthetic valve in place 
with sutures tied. 


Lower arm of suture 

being pulled through edge 
of vi ree wn “ 
crochet hook. 


Fig. 5.—Diagrams of suturing technique. 
A, Resection of remaining anatomic cusps. 
B, Introduction of “J’’ needie from below upward through the valve remnant. 


The f 


end of the suture is drawn through the tissue and fed out from a spool through the hollow 


needie. The needle is then withdrawn to deliver the lower arm of the suture. 


The crochet hook is inserted through the edge of the prosthetic valve and draws the 


C, 
bottom arm of the suture through the plastic material. 
D, Prosthetic valve in place with sutures tied. 
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by producing regional (cardiac) deep hypothermia and by additional inter- 
mittent perfusion of the coronary ostia with cold blood during the procedure. 

To permit accurate placing of sutures it is necessary to excise the anatomic 
cusps of the diseased valve (or the normal cusps of the valve in the experimental 
animal) (Fig. 5, A). The sutures necessary for holding the valve to the aortic 
wall must be placed in an axial direction parallel to each other and at the same 
level below the coronary ostia. This maneuver is accomplished under direct 
vision with a specially developed hollow ‘‘J’’ needle which has been described 
elsewhere’ (Fig. 5, B). One suture is placed in each of the three commissures 
and one or more sutures in each cusp remnant, according to the size of the valve. 


Fig. 6.—Suture technique demonstrated with instruments and simulated valve. Note 
‘ar ccaleues Se a to maintain sutures in alignment on the flat metal ring which surrounds 
To prevent tangling, the multiple suture ends are held in clips on a metal ring 
which surrounds the operative field (Fig. 6). Twisting is also avoided and the 
lower limb of the suture is quickly identified in the top clip when the suture is 
later passed through the prosthesis. 

After all the sutures have been placed in the aortic wall, a crochet hook is 
used to draw the lower limb of each suture through the wall of the prosthetic 
valve around the hardened ring in an appropriate position on the prosthetic 
cuff to match the loeation of the suture on the aortie wall (Fig. 5, C). This 
step is accomplished in such a way that the suture holes and knots are covered 
behind the valve jacket. The valve is then slid down the sutures into position 
and the sutures are tied (Fig. 5, D). The aortotomy is then closed. 


RESULTS 


In early attempts to implant a prosthesis in the subecoronary location, the 
ineidence of technical failure was high but several animals survived long enough 
to demonstrate that the valve worked. Since the development of the technique 
deseribed, we have operated on 21 animals with extracorporeal cireulation and 
cardiae arrest with regional hypothermia. In every instance the prosthetic 
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valve was implanted satisfactorily. All but one heart developed ventricular 
fibrillation on rewarming but one or two defibrillatory shocks resulted in regular 
effective contractile beat in every animal. In 4 dogs the hearts returned to per- 
sistent ventricular fibrillation as the result of unexplained myocardial infarcts 
developed during the procedure. Three dogs died of uncontrolled bleeding from 
the aorta when normal circulation had been restored. 

The remaining 14 dogs maintained satisfactory vital signs, temporarily 
supported by vasopressors, for an average period of 8 hours. Their chest in- 
cisions were closed, heparinization was neutralized, and spontaneous breathing 
restored. Death occurred from 2 to 18 hours later, usually with a gradually 
declining blood pressure or evidence of neurological damage. 
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Fig. 7.—Simultaneous_ pressure curves of normally beating heart above and below 
prosthetic aortic valve. (Preoperative pressures on the left and postoperative on the right.) 
Note dicrotic notch and absence of systolic gradient. 





Pressure determinations after implantations (Fig. 7) reveal no systolic 
gradient across the valve, a dicrotic notch, and a normal systemic diastolic pres- 
sure with a zero intraventricular pressure. This evidence supports the observa- 
tion of valve function in a pulse duplicator which shows complete competence. 

Unfortunately, we have not yet been successful in maintaining long-term 
survivors to determine the eventual fate of this prosthetic valve, but the clinical 
course and the physiologic data on these animals suggest that death was the 
result of either prolonged cardiac ischemia or was due to our extracorporeal 
perfusion technique, rather than to the presence of the prosthesis in the heart. 

Autopsy examinations have revealed no evidence of obstruction to the 
coronary ostia in this series. There has been no clot formation on the valve and 
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no avulsion of sutures. Small to moderate-sized hematomas have been found 
in the subserosal layer of the mitral valve leaflet and in the interatrial septum. 
Large hematomas were sometimes found also in the periaortie fat pad and in 
the atrioventricular groove. The occurrence of all these hematomas appears 
to be related more to the aortotomy closure than to valve placement since they 


also appeared in the hearts of animals subjected to control procedures without 
valve implantation. 


SUMMARY 


A technique has been described for implantation of a short flexible aortic 
valve prosthesis in the subeoronary position under direct vision in the experi- 
mental animal. It has been shown that normal hemodynamics can be restored 
by this procedure after total ablation of the anatomic valve. Coronary blood 
flow is not obstructed. Previous long-term studies indicate that the physical 
characteristics of the valve satisfactorily prevent clotting and maintain fune- 
tion. Long-term survivors are still needed to determine whether permanent 
fixation can be expected from this technique. 
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EXPERIMENTAL PRODUCTION OF AORTIC STENOSIS 


Anthony ]. Munoz, M.D. (by invitation), and Sam E. Stephenson, J]r., M.D. 
(by invitation), Nashville, Tenn. 


es PRODUCTION of lesions simulating acquired human cardiac lesions pre- 
sents a major problem in laboratory animals. Previous work directed at 
the production of experimental aortic stenosis has utilized the application of 
a cannula,’ metal clips,” or sutures’ in the commissures. These experiments 
have afforded unpredictable and inconstant degrees of aortie stenosis. In 
an attempt to produce coronary arteriosclerosis in the experimental animal 
it was noted that the first site of plaque formation in the animals was one 
encircling the aortic annulus and, in some eases, fusion of the commissures 
developed. This then represents the early lesion of aortic stenosis. 


METHOD 


Unselected mongrel male dogs, weighing from 11 to 23 kilograms, were 
utilized. After a baseline electrocardiogram and serum cholesterol levels were 
obtained, the animals were given 2 millicuries per pound of I'*' to render the 
dogs euthyroid or hypothyroid. (In a second group of animals [Group B}], 
propylthiouracil, 750 to 1,000 mg. per day, was substituted for the radioactive 
iodine.) After a 2-week delay the animals were started on 100,000 I.U. of 
vitamin D daily and placed on a special diet (Table I). Fresh meat was 
added at frequent intervals. 


TABLE I* 








Commercial dog meal 93 grams 
Commercial lard 5 grams 
Crystalline cholesterol 2 grams 


Cooking oil 73.0 grams/100 
Cholesterol 20.0 
Cholie acid 5.0 
Thiouracil 2.0 
*Diet A was utilized in combination with I! and diet B when thiourea derivative was 
substituted. 
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The vitamin D was continued until the dogs demonstrated the toxie mani- 
festations of weight loss and bleeding from the gums and it was then reduced 
by one half. The special diet was continued until sacrifice. Monthly serum 
cholesterol levels were obtained (Table II). At the time of sacrifice some 
animals had coronary arteriograms and others had left heart catheterization 
for the gradient across the aortie valve. 


TABLE II* 








A, [131 + Diet + Vitamin D 
Avg. Mg./% Range 
Preop. 154 125-180 
1 mo. 833 450-1,120 
2 mo. 965 620-1,170 
3 mo. 1,094 775-1,360 


. Thiouracil + Diet Vitamin D 
Avg. Mg./% Range 

Preop. 171 115-235 

1 mo. 159 105-195 
mo. 303 225-355 
mo. 371 a 
mo. 638 
mo. 605 
mo. 940 660-1,450 


*The group A animals show the more rapid rise in serum cholesterol levels achieved with 
this method and the lesions were more prominent in this particular group. 





The excised heart and great vessels were examined, photographed, and 


preserved in formalin solution. In some eases the entire heart and great 
vessels were stained with Sudan III for localization of fatty deposits not 
grossly visible. Typical areas of plaque formation were submitted for micro- 
scopie examination. 


RESULTS 


Six animals were prepared, using radioactive iodine, vitamin D, and the 
high cholesterol diet. All animals were sacrificed at 3 months and all showed 
marked atherosclerosis encircling the aortic annulus (Fig. 1). In some ani- 
mals there were also marked changes in the pulmonary artery, arch of the 
aorta, descending aorta, and abdominal aorta. These areas of involvement 
grossly resembled human plaques, both in their appearance and location. The 
location of these plaques was primarily on the superior wall of the thoracie 
aorta, around the orifices of the branch vessels, and on the posterior wall of 
the abdominal aorta. Unfortunately pressure gradients were not obtained on 
these animals as the finding of commissure fusion was unexpected. 

Four additional animals were prepared, but propylthiouracil rather than 
[31 was given to suppress thyroid function. Although these animals also 
responded with a high serum cholesterol level, the findings were not as con- 
sistent and plaque formation not as prominent. These animals were sacrificed 
at the end of 6 months and demonstrated an average gradient of 49 mm. Hg 
across the aortie valve. 
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The serum cholesterol values on these animals prepared with radioactive 
iodine averaged 1,094 mg. % at 3 months. It is possible, however, with this 
regimen to obtain cholesterol values in excess of 1,800 mg. %. In reviewing 
these groups of animals it seems that levels in excess of 600 to 800 mg. % 
need to be maintained for 3 consecutive months and then satisfactory plaque 
formation will have occurred. 

It must be stated that the lesions observed in these animals have not 
progressed as yet to the full blown “pile of rocks” so classically seen in 
clinical calcific aortic stenosis. These lesions have been early lesions sug- 
gestive of aortic stenosis, both to us and to the pathologist. The gross lesions 
have appeared as deposits with or without calcification encircling the annulus, 
fusion of the commissures, and fatty deposition on the leaflets, the latter 
demonstrated by supravital staining of the gross specimen with Sudan ITI. 


ealssure fusion ie not as marked’ In this specimen oo th some bat it cise demonstrates the lesions 
in the arch, pulmonary artery, and coronary arteries. 

Attempts to demonstrate this degree of aortic stenosis by arteriographic 
means have not been satisfactory. Demonstration of the nicking from plaque 
formation in the main and branch coronary arteries has been possible by 
radiographic study prior to sacrifice. 

Although the gross examination of these specimens resembles the plaques 
seen in human arteriosclerosis, the microscopic appearance is somewhat differ- 
ent and thus not completely analogous. We would like to reproduce the 
human counterpart of the disease but these experimental lesions offer a means 
heretofore unavailable for the study of the early changes of aortic stenosis, 
coronary sclerosis, and partial occlusion (by plaque formation and narrowing) 
of the small branch vessels. 
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The microscopic picture is primarily one of subintimal hemorrhage 
fatty deposits in the early stages. These changes are soon followed by an 
increase in fibrous tissue, large fatty deposits, and, later, marked calcification 
of these areas (Fig. 2) with elevation of the intima, progressing in some cases 
to actual intimal ulceration. For the most part these changes are similar 
to the lesion in medial sclerosis, 


DISCUSSION 


The early work of Creech and associates* pointed out the feasibility of 
the development of arteriosclerotic-like plaques in dogs. Up until that time 
this lesion had been extremely difficult to produce. Soon after the reported 


Fig. 2.—Photomicrograph of lesion at the aortic annulus. This animal had _ been treated 
- Me dy One can see the marked calcification and numerous cholesterol clefts. (X25; 
reduce 4 


work of Creech, we set up a long-term study, using the Tulane method of 
producing arteriosclerotie disease, in an attempt to assess mechanical factors 
concerned in the selective deposition of the material. Through a period of 
3 years we have been able to produce some lesions. These, however, have not 
been of the magnitude expected and the long period of treatment is not only 
exhausting to the animal and the research group but the cost is exorbitant. 
It is possible, however, to produce changes in the abdominal aorta by this 
raethod and this process is enhanced by mechanical irritation of the vessels. 
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Blake, using a variant of this method, was able to develop similar lesions 
in dogs. In these studies, coronary lesions developed in somewhat over 24 
months of treatment. 

Crisp® in 1958 reported the fairly rapid development of lesions in dogs 
by another method. Utilizing regular dog chow as a diet the animals were 
given 100,000 I.U. of vitamin D daily. After about 90 days, lesions in the 
media of major vessels were evident. 

The procedure utilized in this report is essentially a combination of these 
two methods. The vitamin D in such large doses produces multiple subintimal 
hemorrhages. These areas of injury then predispose to the deposition of the 
excess lipids in these particular areas. Although the lesions produced by this 
method are not completely analogous to the human lesions of arteriosclerosis, 
the sites of deposition are the same. The experimental lesions select, in sites 
of decreasing frequency, the aortic annulus, the superior wall of the ascending 
aorta, the pulmonary artery, the lumbar portion of the abdominal aorta, and, 
last, the coronary arteries. 

It would be preferable. to be able to develop lesions in animals which 
are microscopically the same as those in human’beings. As yet this is not 
possible. Experiments are now in progress using primates with the same 
technique in an effort to evaluate this type of experimental animal. Until 
it is possible to develop the human type lesions, the method herein described 
appears to represent more closely the human, counterpart than the lesions 
from previously described methods. 

The utilization of propylthiouracil instead of radioactive iodine, for prep- 
aration of the animals before vitamin D and cholesterol are started, produces 
similar lesions but these lesions are not as marked, and the degree of fusion 
of the aortic commissures is inconstant. At the present time we consider that 
I'*! should be used to produce the more marked results. It must be remem- 
bered, however, that if the animals are kept under observation for longer 
than 6 months, repeat treatment with I'** may be necessary. 

It is hoped that animals prepared over a longer length of time will show 
a more complete and advanced aortic stenosis. Many other aspects of this 
over-all problem need to be evaluated and will form the basis of a subsequent 
report. 


SUMMARY 


1. A method is described to produce arteriosclerotic-like lesions in male 
dogs. These lesions develop in less than 90 days. 

2. Among the earliest lesions are those encircling the aortic annulus and, 
if permitted to progress, cause fusion of the aortic commissures and the early 
lesions of aortie stenosis. 

3. The use of I'*?, 2 millicuries per pound of animal weight, to suppress 
thyroid funetion is superior to the utilization of antithyroid drugs for the 
consistent development of the lesions in this particular experiment. 
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EVALUATION OF NEW NONWETTABLE MACROPOROUS 
MEMBRANES WITH HIGH PERMEABILITY COEFFICIENTS FOR 
POSSIBLE USE IN A MEMBRANE OXYGENATOR 


James S. McCaughan, M.D. (by invitation), Richard W ceder, B.A. 
(by invitation ), John C. Schuder, Ph.D. (by invitation ), and 
William S. Blakemore, M.D., Philadelphia, Pa. 


A MEMBRANE that is permeable enough to oxygenate blood adequately without 
requiring a large surface area or volume of blood would be a desirable 
contribution in the development of a practical membrane oxygenator. Various 
thicknesses of different membranes have been evaluated empirically in oxy- 
genators.” * * 18 Since blood must be circulated through an oxygenator and 
the increase in the oxygen saturation determined, these experiments have been 
expensive, arduous, and difficult to control. 

In his experiments on the diffusion of gases through solids, Barrer® * 
showed that the gas first dissolves in the membrane, diffuses across the mem- 
brane, and then evaporates into the atmosphere on the other side. The perme- 
ability of the membrane is thus determined by the physical and chemical 
structure of the membrane and the nature of the gas diffusing through it. Ex- 
cept for a few anomalous systems,’* the flow rate of a gas through the membrane 
can then be (1) increased linearly by increasing the partial pressure difference 
of the gas across the membrane, (2) decreased linearly by increasing the thick- 
ness of the membrane, and (3) increased logarithmically by increasing the 
absolute temperature.* * ® 1% 

From these observations, Barrer developed the concept of a permeability 
coefficient which is equal to the product of the solubility and diffusion constants 
of the gas and is defined as the standard cubic centimeters (0° C. 1 atm.) of 
gas passing through 1 sq. em. of membrane (1 mm. thick) per second per centi- 
meter of mercury partial pressure difference across the membrane.* 
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*Thus, the following mathematical expression can be derived for the flow of a gas 
across a polymer membrane: 
Flow rate __ Permeability coefficient xX Partial pressure difference 
Unit area ma Membrane thickness 


P_(p1-p2) 
t 





where 
flow rate of gas across the membrane (c.c./sec.). 
area of membrane exposed (sq. cm.). 
partial pressure of the gas on one side of the membrane (cm. Hg). 
partial pressure of the gas on the other side of the membrane (cm. Hg). 
mn = thickness of the membrane (mm.) 
permeability coefficient for the. ‘given gas-membrane system at a specific temperature 
(¢.¢c.-mm, 2. /om. 2-cm, Heg-sec.). 
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By measuring the flow rate of a gas across different membranes under con- 
trolled conditions, the permeability coefficients can be ecaleulated for those spe- 
cific gas-membrane systems. From a comparison of the permeability coefficients, 
the most permeable membrane can then be selected. 

Various experimental procedures have been used to measure these co- 
efficients; however, they have usually been either elaborate or time consum- 
ing.* 5» % 11, 16, 18, 20, 22,23 Although the permeability coefficients for oxygen and 
carbon dioxide have been determined for almost all the membranes currently 
available, we undertook to develop a simple technique for measuring the perme- 
ability coefficients of several new types of membranes. With this apparatus, 
rapid and easy preliminary studies can be performed to measure the relative 
permeabilities of different membranes without the necessity of using an oxy- 
genator with all the problems it entails. 

Because permeation is a solution and diffusion phenomenon, two gases will 
permeate different membranes with approximately the same relative rates which 
is dependent upon the molecular weight of a gas (Graham’s law).?° Therefore, 
the membranes that have the highest permeability to carbon monoxide will also 
have the highest permeability to oxygen. Since a sensitive carbon monoxide 
analyzer was available and we are interested in the permeabilities of different 
membranes relative to each other, we measured the carbon monoxide perme- 
ability of various standard membranes to establish a base line for future com- 
parison. In the technique that will be described, the permeability of any gas 
ean be determined by analyzing the gas mixtures for the specific gas with the 
appropriate analyzer. 


PRINCIPLE % 


When pure carbon monoxide is passed on one side of a membrane and 
oxygen on the other side, some of the gases will counter diffuse through the 
membrane. The gas mixture leaving the oxygen side of the chamber can then 
be analyzed for carbon monoxide content. Since this represents the carbon 
monoxide that diffused through the membrane, the permeability of the mem- 
brane to carbon monoxide can be ealeulated (Fig. 1). 

From a carbon monoxide mass balance, the perfect gas law, and the flow 
equation, a relationship ean be derived for calculating the carbon monoxide 
permeability constant from the data obtained with this apparatus.* 


APPARATUS 


1, Diffusion Chamber.—This consists of two 3.5 by 3.5 by 1 in. thick hollow 
aluminum plates which are bolted together with a membrane secured between 





= 


(273) (Po + pp) ( xpVot ) 


(T + 273) 76 A(Po + Pa) 


where T = chamber temperature (°C.). 

Po = atmospheric pressure (cm. Hg). 

Pp = pressure in exhaust line from oxygen side of chamber (cm. Hg). 

Da = pressure in inflow line to CO side of chamber (cm. Hg). 

Vp = flow rate of exhaust gas from oxygen side of chamber (c.c./sec.). 

A = surface area of the membrane (sq. cm.). 

t = membrane thickness (mm.). 

xp = mol fraction of CO in exhaust gas from oxygen side of chamber. 

P = permeability coefficient for CO at temperature T (c.c.-mm./sec. cm.?-cm. Hg) referred 
to STP conditions. 
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them by 21% inch diameter rubber ‘‘O’’ rings (Figs. 2 and 3). Each plate has 
a tube for the entrance and exit of a gas and a thermometer well. A wire sereen 
is placed inside of each ‘‘O’’ ring to prevent the membrane from buckling. 


2. Manometers.—The pressure of each entrance and exhaust gas is meas- 
ured with a mercury manometer. 

3. Flowmeter.—The flow rate of the gas in the oxygen exhaust line is meas- 
ured with a 1,000 ¢.c. per minute capacity rotametert and the flow rates of the 
carbon monoxide entrance and exhaust gases are monitored with 45 ¢.c. per 
minute capacity “Tri-Flat” flowmeters.* 
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Fig. 1.—Diagram of technique used for measuring the permeability coefficients of membranes. 


4. Temperature Control_—The entire diffusion chamber is immersed in a 
water bath which maintained the temperature at 30 + 0.5° C. 


5. Gas Analysis —The gas leaving the oxygen side of the chamber is ana- 
lyzed with a Stalext carbon monoxide analyzer for the amount of carbon mon- 
oxide present in the sample. 


6. Membrane Thickness.—The thickness of each piece of membrane is meas- 
ured with a dial micrometer.t This is important since there is often a size 
variation in the actual thickness of a membrane than that listed by the manu- 
faeturer. Also, the thickness of many of the membranes is not uniform. 

*Fisher and Porter Co., Hatboro, Pennsylvania. 


+Model SI-2, Stalex Corporation, Stockholm, Sweden. 
tModel 55412, B. C. Ames Co., Waltham, Mass. 
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PROCEDURE 


After the thickness has been measured, a 7 em. by 7 em. piece of the mem- 
brane is placed in the diffusion chamber between the rubber ‘‘O’’ rings and 
the chamber is bolted together and immersed in the constant temperature bath. 


Fig. 2.—Diffusion chamber disassembled. 


Fig. 3.—Diffusion chamber assembled with thermometer and thermocouple in place. 


The temperature in the chamber is controlled at 30° + 0.5° C. by a thermo- 
couple placed in one of the thermometer wells. Oxygen is then slowly passed 
through one side of the chamber and carbon monoxide through the other. The 
needle valves on the exhaust lines are then simultaneously adjusted so the pres- 
sures on both sides of the membrane gradually rise to approximately the same 
value. Thus, the membrane is prevented from rupturing by keeping the total 
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pressure gradient across the membrane negligible, although the partial pressure 
difference of each gas across the membrane is greater than one atmosphere. 

After steady conditions have been obtained, recordings are made of the 
temperature of the chamber, the pressure in all of the four gas lines, and the 
flow rate of the gas leaving the oxygen side of the chamber. A sample of this 
exhaust gas is then removed with a needle and syringe and injected into the 
carbon monoxide analyzer which automatically records the amount of carbon 
monoxide present in the sample.** Thus, an entire experiment can be performed 
in less than 30 minutes. 












SAMPLE DATA AND CALCULATIONS 





The following data illustrate the reproducibility of the results: 



























Membrane: Cast Teflon Sample 1* Sample2 Sample 3 
Thickness (t) (mm.) .0127 .0063 0127 
Temperature (T) (°C.) 30.3 29.5 29.7 
Pressure of oxygen exhaust (pp) (em. Hg) 20.0 19.5 20.0 
Pressure of CO inflow (pa) (em. Hg) 20.0 19.5 20.0 
Flow rate of oxygen exhaust (Vp) 

(e.e./see. ) 8.53 3.30 3.70 
Surface area of membrane (A) (sq. em.) 28.18 28.18 28.18 
Mol fraction of CO in oxygen exhaust 

(xp) .000138 .000655 .000319 
Atmospherie pressure (Po (em. Hg) 75.5 75.5 75.5 
Permeability constant 

(¢.c.-mm./sec.-em. Hg-em.?) 6.31x10° 5.80x10° 5.71x 10° 


RESULTS AND DISCUSSION 









The evaluation of membranes in oxygenators has been expensive and diffi- 
cult, requiring large sheets of the plastic, animals, blood, ete. These problems 
have been compounded by testing different thicknesses of the same membrane 
as though they were different membranes. By using the concept of a perme- 
ability coefficient, small pieces of experimental membranes can be tested easily. 
Since the permeability coefficient is expressed as though all membranes were 
1 mm. thick, the necessity for testing different thicknesses of the same membrane 
is eliminated. However, the thickness of the membranes commercially available 
must be considered when making a final practical evaluation. 

In using a dynamic system, such as described, to measure permeability co- 
efficients, a minimum gas flow is required to prevent streaming and stagnation 
in various parts of the apparatus. This manifests itself by yielding lower and 
erratic diffusion rates when the flow is below the minimum value. The carbon 
monoxide permeability coefficients of several membranes are plotted as a func- 
tion of gas flow rate in Fig. 4. Above a flow rate of approximately 100 c.c. 


























*For Sample 1 the calculation was: 


P (273) Po + pp xpVp t - 
BEY 76 A(Po + pa) 
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p = (273) __ (75.5 + 20.0) (000138) (8.58) (.0127) , 
~ (273 + 30.3) (76) (28.18) (75.5 + 20.0) 
P = 6.81 X 10° 2m em. He 
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per minute, the permeability coefficient is relatively independent of flow rate. 
This minimum flow rate is probably a function of the physical design of the 
apparatus and should be determined for each apparatus. 

The permeability coefficients of several previously studied membranes were 
obtained for comparison with many new types of membranes which were tested. 
The most promising of these are E. P. Pormax,* N. P. Pormax,* and micro- 
polyethylene.* These “macroporous” membranes are especially prepared by 
mixing inert molecules, such as starch, with the plastic formula. After the 
plastic sheets have been prepared, the starch molecules are leached out of the 
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Fig. 4.—Permeability coefficients as a function of gas flow rate as measured with this 
apparatus, 

membranes, thereby leaving tiny ‘‘pores’’ in the membranes. The diameters 
of the ‘‘pores’’ can be varied from 3 to 300 micra by using inert substances 
having different molecular sizes. The per cent porosity of the membranes ean 
be varied by altering the per cent of inert material added. These studies have 
shown the permeability of these new membranes to be more dependent on the 
pore size and per cent porosity than on the type of plastie used. 

Table I lists the carbon monoxide permeability coefficients determined with 
this apparatus and the coefficients for carbon dioxide obtained from the litera- 
ture. Since the ratio of the permeability coefficients of two gases is relatively 
constant for almost all membranes, comparison of the ratios of the earbon 
monoxide permeability coefficients to those of carbon dioxide and oxygen pro- 
vides a measure of the reliability of the data. 

The permeability data obtained with this simple apparatus and technique 
warranted the further development of the experimental macroporous membranes 
and led to its production in larger sizes. 

Partial perfusions of dogs with a small prototype oxygenator, using Teflon, 
Silastic, and N. P. Pormax membranes, were performed. The partial pressure 


*Supplied by Dr. Howard J. Strauss, ESB—Reeves Co., Glenside, Pa. 
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Poo 


MEMBRANE ; Pro, d Poo 


Polyvinyl chloride a 1216 0.10 
Polyethylene P 4,116 1816 ; : 0.14 
Cellulose acetate butyrate 

(Kodapak IT) 3. a 3516 0.09 
Ethyleellulose (Ethocel) = 1016 4310 ; 0.13 
Tetrafluoroethylene (Teflon) D. — — or 
Natural rubber 1 32.716 16316 : 0.11 
Silicone rubber 

(Silastic S-2000) 375 65019 = 340010 : 0.11 
N. P. Pormax 13,000-16,000 — — 
E. P. Pormax 15,000-25,000 — — 
Micro-Pormax . 22,000-40,000 — — 

*Permeability coefficients at 30° C. P. = c.c.-mm./sec.-cm.?-cm. Hg xX 10° corrected to STP. 











of the oxygen in the blood leaving and entering the animal was continuously 
monitored with oxygen electrodes.24 Thus the effects of varying blood and 
oxygen flow rates and pressures could be noted immediately. 

The average oxygen uptake for 0.00045 in. thick Teflon was 15 ¢.c. per 
minute per square meter. This compared with the average uptake of approxi- 
mately 12 ¢.e. per minute per square meter reported by Pierce.’® Silastic, 
0.0068 in. thick, provided an uptake of 24 ¢.c. of oxygen per minute per square 
meter. Using N. P. Pormax with average pores of 8 to 12 micra, the oxygen 
uptake initially was over 35 ¢.c. of oxygen per minute per square meter when 
the oxygen pressure was one atmosphere. Because of the large pore size, however, 
blood rapidly leaked through the membrane into the oxygen chambers. This was 
only partially corrected by eliminating all wetting agents from the formulation 
but blood continued to “ooze” through when the pressure of the blood was 
greater than 30 mm. Hg. Inherent resistance to flow of blood in the oxygenator 
demanded a pressure greater than this. By increasing the oxygen pressure, the 
ooze could be further decreased and the oxygenation greatly increased. How- 
ever, at a critical pressure, fine bubbles would appear in the blood. Presently 
new membranes are being prepared with smaller pores for evaluation. 


SUMMARY 


The advantage of using the concept of a permeability coefficient for indi- 
eating the relative permeability of different membranes to gases is described 
along with a simple apparatus and technique for determining the coefficients. 
This method permits the rapid screening of new membranes for possible use 
in a membrane oxygenator without testing different thicknesses of the same 
membrane or using an oxygenator with all the problems and expense it entails. 

The permeability coefficients of several standard membranes and new plastic 
membranes containing ‘‘pores’’ which can be varied in diameter from 3 to 300 
micra are listed and the membranes described. 

Preliminary tests in a prototype oxygenator indicate these new membranes 
have superior oxygenating capacities but need development of membranes with 
smaller pore sizes. 
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TEMPERATURE COMPENSATED, SELF-CALIBRATED OXYGEN 
MONITORING DEVICE* 


Jesse H. Meredith, M.D. (by invitation), John H. Artesani, B.S. 
(by invitation), and Joseph H. Mamlin, B.S. (by invitation), 
Winston-Salem, N. C. 


.. OXYGEN CONTENT of blood during procedures involving extracorporeal 
circulation has presented many new problems and challenges in medical in- 
strumentation. One of the problems is the continuous monitoring of oxygen tension 
(in both venous and arterial blood) during extracorporeal circulation. One 
method of oxygen determination is polarography. The polarographic method of 
chemical analysis, invented by Jaroslav Heyrovsky,' is based on the unique 
characteristics of the current-voltage curves obtained when solutions of electro- 
oxidizable or electro-reducible substances are electrolyzed in a cell in which one 
electrode consists of mereury falling dropwise from a capillary glass tube. From 
such current-voltage curves it is possible not only to identify but also simul- 
taneously determine the concentration of several or all the reducible or oxidiz- 
able substances present, i.e., simultaneously obtain a qualitative and quantitative 
analysis of a solution. One branch of polarography involves the use of the 
amperometric method. This method is used to indicate concentration measure- 
ments based on the measurement of electrolysis current at a constant potential 
of the indicator electrode. With this method the electrolysis current is directly 
proportional to the concentration of the elements being measured. For the de- 
termination of oxygen concentration, a constant potential of 0.6 volts is main- 
tained across the electrode. The electrode consists of a platinum cathode and a 
silver-silver chloride anode immersed in electrolyte. The electrolyte is a saturated 
solution of potassium chloride. The use of this method was limited to in vitro 
sampling until the adaptation by Clarke and associates? of a gas permeable 
membrane to the electrode. As the result, the continuous determination of 
blood oxygen tension in vivo became a reality. However, because of concentra- 
tion-temperature relationships (Fig. 1) it was necessary to perform determina- 
tions in a solution maintained at a constant temperature to avoid thermal 
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N.C, 
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distortion. This paper describes an instrument which permits the continuous 
monitoring of oxygen tension by the polarographic (amperometric) method 
with automatic compensation for the temperature characteristies of the oxygen 
electrode. In addition, a method for introducing the polarographic electrode 
into the blood under sterile conditions is described. 


PHYSICAL DESCRIPTION 


The monitoring system is divided into three parts, (1) the oxygen electrode, 
(2) the cuvette for the introduction of the electrode and temperature detection 
of blood, and (3) electronic circuitry and read-out which allows both direct 
read-out and recorder output. During the original development of this in- 
strument, the Clarke? electrode was used. This electrode was used during the 
original clinical perfusions also. We are, however, developing an experimental 
oxygen electrode which is an integral part of the monitoring cuvette. The 
cuvette* is a plastic (Teflon) cube. A stainless steel tube is introduced through 
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Fig. 1—Graph showing oxygen tension versus temperature. 








the Teflon cube. Perpendicular to the stainless steel tube is a chamber, at one 
end of which is an opening tangent to the stainless steel tube (Fig. 2). The 
electrode is inserted into the chamber. The surface of the electrode membrane 
produces a tangent to the contour of the stainless tube. Also perpendicular to 
the stainless steel tube and parallel with the electrode chamber is a hole into 
which is inserted a bead-type thermistor to make physical contact with the 
stainless steel tube. For clinical applications the cuvette, thermistor, electrode 
membrane, ‘‘O’’ ring, and electrolyte are autoclaved. The electrode is soaked 
in a solution of detergicide. The electrode is then assembled and introduced 
into the cuvette under sterile conditions. The cuvette is then placed in series 
with the arterial and/or venous line (Fig. 3). The description and evaluation 
of an autoclavable electrode will be described in a subsequent paper. 


*Designed by Leon L. Middleman, Winston-Salem, N. C. 
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The electronic read-out portions consist of an entirely portable, battery 
operated, and transistorized unit (Fig. 4). The amplifier portion is a transis- 
torized differential DC amplifier. The direct read-out portion consists of a 5- 
inch meter (Fig. 5) which is calibrated in units of millimeters of mereury on 
four seales which are as follows: 0-75, 0-150, 0-300, 0-750. The recorder 


Fig. 2.—Cuvette isometric. 


Fig. 3.—The assembled cuvette. 





Vol. 40, No: 5. OXYGEN MONITORING DEVICE 585 
output portion consists of a single transistor amplifier capable of delivering 
sufficient output to drive most conventional recorders. 

The depolarizing oxygen potential of 0.6 volts is supplied to the electrode 
from a battery cireuit and the potential maintained within the depolarizing 
potential of oxygen by means of zener diode voltage regulator 


Fig. 4.—Photograph of unit. 
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Fig. 5.—Photograph of meter face. 


Temperature compensation is achieved by the inclusion of a thermistor 
(Fig. 6), which is physically located in the cuvette. The requirements for 
temperature compensation via thermistor are that the ratio of resistance of the 
thermistor be as great as or greater than the ratio of the change of eur- 
rent output of the electrode due to temperature. The differential DC 
amplifier configuration assures stable operation even in the presence of at- 
mospherie changes. The unit is standardized by exposing the electrode to room 
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air. Under these conditions the standardized control is moved until the partial 
pressure of oxygen present in room air is indicated on whichever of the four 
seales is desired. This method of standardization allows stable operation of the 
electronic cireuitry regardless of the full seale range selected. The use of a 
transistorized cireuit has resulted in several advantages: (1) the adaptability 
of a power supply which allows the unit to become completely portable and 
eliminates the necessity of power connection, (2) the physical size of the transis- 
tor circuitry allows the unit to be compact and easily portable, (3) the exception- 
ally low power requirements of transistor circuitry permits extended battery 
life. The device will operate for approximately 1,000 hours without battery 
replacement. In addition, the operation of a push-button type switch allows 
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Fig. 6.—Graph showing oxygen tension versus temperature with electronic compensation. 


the periodic checking of the batteries. Although this system was designed and 
developed for use during total body perfusion and this paper will be confined 
to that application, several other applications of the device have been noted 
and are being currently appraised. They are: (1) monitoring of O, during 
regional perfusion for cancer chemotherapy, (2) the location of shunts during 
cardiae catheterization, and (3) as part of an experimental instrumentation 
system for the determination of O. consumption of various organs in vivo. For 
purposes of total body perfusion, a double unit is used; one continuously in- 
dieating the oxygen tension of arterial blood and the second unit continuously 
indicating the oxygen tension of venous blood. The electrodes are standardized 
in room air under sterile conditions prior to their insertion into the cuvette. 
They are checked in blood during a recirculation period. During this time both 
the venous and arterial oxygen tension will be identical. This reading during re- 
circulation allows the adequate pre-perfusion oxygenation of the priming blood. 
During the initial use of this instrument during perfusion, it was noted that the 
oxygen tension of donor blood remained relatively low for a long period of time 
even during recirculation. This period of low oxygen tension during recirculation 
and oxygenation is a result of oxygen uptake by the hemoglobin with a minimal 
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elevation of the partial pressure of oxygen. By periodic sampling or the use 
of a continuous pH monitor, it was demonstrated that during the period of 
recirculation the pH of the priming blood increased. As a result of these ob- 
servations the degree of oxygenation of priming blood and the control of pH 
was maintained and brought to normal point prior to the time of going on 
bypass. Close contact is maintained with the surgeon upon going on full bypass. 
The venous oxygen monitor is watched for the first bolus of patient blood 
passing through the cuvette. This bolus ot blood will give an indication of the 
patient’s venous oxygen tension. During normothermia this level is readily 
maintained; however, during hypothermia and severe hypothermia, a decrease 
in venous oxygen tension has been noted. This decrease in plasma oxygen tension 
is reasonable when one considers the increased combining power of hemoglobin 
at a lowered temperature. 


The oxygen monitor has been used during clinical perfusions and laboratory 
experiments. It has been found to be a valuable instrument which allows con- 
tinuous monitoring of this vital parameter. 


SUMMARY 


This paper describes an instrument which permits the continuous monitor- 
ing of oxygen tension in vivo during normothermia and severe hypothermia. 
A method for introducing the detecting device into blood under sterile conditions 
and the electronic cireuitry are described. 
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PULMONARY ARTERIAL HYPEROXIA PRODUCING INCREASED 
PULMONARY VASCULAR RESISTANCE 
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(by invitation), Mark Snyder, M.D. (by invitation), and Richard G. 
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HE RELATIONSHIP of oxygen and lack of oxygen to the pulmonary circulation 

has been intensively studied in the laboratory and the relationship has been 
further used in eardiac catheterization studies, as well as being applied to 
clinical medicine. In 1946 von Euler and Liljestrand' first demonstrated the 
effect of hypoxia on the pulmonary circulation with the induction of pulmonary 
hypertension. This was further demonstrated in normal human beings and in 
patients with disease of the pulmonary vascular circulation in 1947 by Motley 
and Cournand,? and by many others* *° in subsequent years. There has not 
been a clear-cut refutation of this effect of hypoxia in human studies. Helen 
Duke® has demonstrated this same hypoxie effect in elaborate perfusion and 
cross-circulation experiments in eats. Others have found this reaction in eats, 
rabbits, and dogs.7!° Although there are still repeated observations on hypoxia 
increasing pulmonary vascular resistance, there have appeared recently a few 
studies'**'* which show no such effect. The most critical and neatest set of 
observations were those of Nahas and co-workers" in unanesthetized dogs trained 
for study in whom the effect of hypoxia in chamber breathing revealed no in- 
creased pulmonary vascular resistance. This study emphasized the fact that 
the Fick method of measuring cardiac output was unreliable in these unsteady 
states of hypoxia and that the dye curve method of Stewart and Hamilton was 
the most useful system. Nahas demonstrated that, although the pulmonary 
pressure became elevated, it was merely a reflection of an increased cardiac 
output and that there was little change in the vascular resistance in the lungs. 

There has been little or no experimental work on the effect of oxygen at the 
pulmonary arterial level. There have been sporadic studies related to inspired 
oxygen concentration changes and to systemic-pulmonary shunts. Breathing 
100 per cent oxygen, as well as the injection of certain drugs, such as acetyl- 
choline and aminophylline, has been used to demonstrate lability of the pul- 
monary vascular bed in the patient with pulmonary hypertension. Ferguson 
and Vareo'® *° and Muller and Dammann” have studied the effects of systemic 
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to pulmonary arterial shunts on the pulmonary circulation, and, in general, 
the attempt to produce pulmonary hypertension without the separation of a 
lobe from the pulmonary circulation has been disappointing. Studies of large 
left-to-right shunts from the systemic circulation to the right atrium in this 
laboratory’® have shown minimum effect on the pulmonary vascular resistance. 
In the studies in dogs by Boake, Daley, and McMillan,’ in 1959, studying the 
effect of a partial reoxygenated circulation (extracorporeally produced) in re- 
versing hypoxic-induced pulmonary hypertension, a slight increase in pulmonary 
arterial pressure was noted when the extracorporeal circuit was added to the 
normal cireulation. 

These experiments were planned to approach complete control of the blood 
and atmospheric oxygen concentrations contacting the pulmonary vascular 
bed so that the inter-relationship of these two could be studied. The findings 
of a tremendous increase in pulmonary vascular resistance with the introduction 
of oxygenated blood to the pulmonary circulation has overshadowed the study 
of the relationships of inspired gas to blood-gas concentration. 


4 


METHOD 


Healthy mongrel dogs, weighing from 18 to 22 kilograms, received 2 mg. per 
kilogram of morphine sulfate subcutaneously followed by Thiobarbital (2.5 per 
cent) administered intravenously until light anesthesia was obtained. Open 
tracheostomy with a large, securely-fitting metal cannula allowed complete 
control of the gas mixtures used for ventilation. The gas was delivered from 
tanks containing various percentages of nitrogen and oxygen and an intervening 
Rattenborg®® valve, which allowed for dissipation of the expired gas and con- 
tinuous replacement of the inspired gas with the planned concentration from the 
gas cylinder. With the thorax open, ventilation was performed manually at the 
rate of 18 per minute with sufficient volume to bring the lungs to the chest wall. 
Right thoracotomy through the fifth intercostal space was performed and 
cannulations with large bore catheters were made as follows: through the 
azygos vein—right atrium and right ventricle; through a small branch of the 
pulmonary vein—left atrium; and through a branch of the pulmonary artery— 
central pulmonary artery, and a separate catheter placed with this was used 
for withdrawing pulmonary arterial blood samples for analyses. Statham P23G, 
P23D, or P23DC pressure transducers were used and all records were taken 
on a six-channel Grass polygraph with Lead II electrocardiogram. 

Indocyanine green dye dilution curves were performed for estimation of 
the cardiac output. These were recorded on a Texas direct writing rectilinear 
galvanometer at a paper speed of 12 in. per minute. The dye was injected 
rapidly into the right ventricle and blood was withdrawn from the thoracic 
aorta at a rate of 80 ml. per minute. Gilford withdrawal syringe and densi- 
tometer were used. Sodium heparin was given intravenously at a dose of 
2 mg. per kilogram just before instituting extracorporeal circulation. Can- 
nulations were performed as follows: the superior vena cava was drained 
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via a large catheter passed through the external jugular vein to a point above 
the azygos vein in the superior vena cava with total occlusion by tape tie 
obtained when bypass was instituted; a large bore catheter was placed in the 
inferior vena cava after it was ligated and opened to assure total bypass; 
venous blood was drained by gravity to a well; shunted blood was returned 
from an overflow well system at a constant level above the right atrium via 
a large catheter in the right atrial appendage, and the overflow from this 
double funnel system drained to a well parallel with the caval drainage one. 
These were then pumped by means of a Sigmamotor TM4 pump through a 
Brown-Harrison heat exchanger and Abbott stainless steel mesh filter to the 


Cannula in sup. 


vena cava from: incised pericardium 








Cannula 
in inf. 
vena 
Lava ¢ 















Fig. 1.—Position of blood catheters and measuring cannulae. A, During study period 
catheter positions are such as not to interfere with motion of lung. B, The caval cannulae 
positioned to ensure complete venous drainage. C, The sites of the various catheters for 
pressure measurements and other studies. 










constant level reservoir. For oxygenation of the venous blood, the blood from 
the two wells was shunted through a double set of bubble oxygenators, Pulmo- 
Paks,* and thence returned to the venous overflow reservoir for subsequent 
return to the right atrium. Fig. 1 demonstrates the relationship of these various 
catheters in the chest and in Fig. 2 the extracorporeal setup for returning 
venous blood or oxygenated blood. The pump speed is fixed to produce constant 
overflow at all times and the system primed with fresh, compatible, heparinized 
dog blood. Temperature control was maintained with the use of the heat ex- 
changer in the circuit and temperatures were monitored with a Yellow Springs 
telethermometer by thermistor probes in the constant level reservoir, rectum, 
and in deep neck muscle. 














*Pulmo-Pak bubble oxygenators were generously supplied by Dr. Rodney Gwinn of Abbott 
Laboratories, 
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After cannulations were completed except for the one in the inferior vena 
cava, the control readings were obtained. After cannulation of the inferior vena 
cava and the initiation of simple bypass, the level of the constant reservoir was 
adjusted to reproduce nearly right atrial and systemic pressure without elevation 
of right ventricular diastolic pressure. This was surprisingly constant at a level 
of 20 cm. above the table and about 10 em. above the superior vena cava-right 
atrial junction. Electrolyte and acid-base chemical analyses and microhemato- 
crit determinations were performed on thoracic aortic blood by standard meth- 
ods”; blood oxygen saturation and CO, content were determined by Van Slyke 
procedures”* on thoracic aortic blood, pulmonary arterial and venous well blood 
to represent mixed venous sample when bypass oxygenation was instituted.” 
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Fig. 2.—Diagrammatic presentation of the various elements in the extracorporeal circuit 
which allowed return of venous blood or oxygenated blood from a constant level overflow 
reservoir with Brown-Harrison heat exchanger for temperature control. 


RESULTS 


Eleven useful experimental preparations were obtained (if the procedure 
had been excessively traumatic or pressure pulse curves were not adequate for 
study, or if there had been a period of failure or difficulty with the heart, the 
study was not continued). Ten of these animals were prepared as just described 
with an irreversible bypass in which certainty of total venous circulatory bypass 
was desired (exclusive of coronary venous blood). However, one animal was 
prepared for reversible bypass in which the inferior caval cannulation was per- 
formed through the right atrial wall. 

Of the 10 dogs with irreversible bypass, there were slight variations in 
pattern. First, the initial searching studies were primarily aimed toward study- 
ing the relations of expired blood gas and, as the hyperoxygenation effect was 
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noted, the pattern of study was modified accordingly. Measurement of pul- 
monary wedge pressure, in order to see an effect on the pulmonary veins between 
pulmonary wedge and left atrium, was attempted, but good curves were obtained 
so infrequently that these data are useless. Use of overflow blood as an indicator 
of cardiac output proved to be a surprisingly misleading method: the pump was 
set at a fixed output, the amount of blood from a timed collection in the over- 
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Fig. 3.—Reproduction of segments of the original pressure pulse traces with oxygen 
values and calculated cardiac output and pulmonary vascular resistances obtained on a dog 
developing a lethal increase in pulmonary vascular resistance under the stimulus of oxygenated 
blood. The rise in pulmonary arterial pressure is seen in the central panel with recording 
at slow speed. 
flow system subtracted from the predetermined output of the pump, and flow 
from the reservoir to right atrium was calculated; however, this proved to be 
unrelated to dye dilution curve studies. Second, some of these animals during 
the run actually died from the induced pulmonary hypertension. This is 
graphically demonstrated in Fig. 3, in which an animal with abnormally high 
initial resistance of 371 dyne sec. .cm.*, associated with a pulmonary arterial 
oxygen saturation of 35 per cent, shows an increasing resistance to 1,137 on 
bypass and, with oxygenation, a striking increase in pulmonary artery pressure 
demonstrated on the slow speed record of pressures. After a short time on the 
bypass with oxygenator, there is a decrease in cardiac output with a tremendous 
increase in vascular resistance to 4,752 dyne sec. em.* Shortly thereafter, the 
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right heart failed and death ensued. Third, the use of 8 per cent oxygen in 
the inspired gas concentration produced a pattern of such rapid deterioration 
that an adequate study could not be performed; therefore, in subsequent experi- 
ments, stabilization at higher oxygen concentration was performed first. 

Three experiments were performed in almost precisely the same pattern. In 
these three, there were nine separate stages of study: (1) control run without 
bypass with the animal breathing 40 per cent oxygen; (2) simple bypass, breath- 
ing 40 per cent oxygen; (3) bypass with oxygenator, breathing 40 per cent 
oxygen; (4) bypass with oxygenator, breathing 8 per cent oxygen; (5) bypass 
with oxygenator, breathing 100 per cent-nitrogen, no oxygen; (6) bypass with 
oxygenator, breathing 20 per cent oxygen; (7) simple bypass, breathing 20 per 
cent oxygen; (8) bypass with oxygenator, breathing 8 per cent oxygen; and 
(9) simple bypass, breathing 8 per cent oxygen. Three readings were made in 
the ninth stage before termination of the experiment and, because of the low 
oxygenation, usually pre-terminus in the animal. Table I lists these data ob- 
tained on the 3 animals earried through this experiment. 

One experiment was performed as described with ability to come off the 
oxygenator and bypass completely, and this served to corroborate the findings 
with the irreversible bypass. 

In general, on the circulatory bypass, with or without oxygen, there was 
some increase in pulmonary arterial pressure and pulmonary vascular resistance. 
This is demonstrated in Fig. 4, in which the various stages, as just described, 
on the 3 strictly comparative animals are presented, with variations from the 
control measurement base line averaged and graphed in percentage deviations. 
At all times on the bypass, the 3 animals showed increased pulmonary artery 
minus left atrial mean pressure and increases in total pulmonary resistance with 
minor variations in cardiac output. However, the presence of the oxygenating 
shunt was associated with the most marked increases in vascular resistance. 
There is a suggestion in the pattern seen in stages 3, 4, and 5, in which the re- 
spiratory gas oxygen concentration was decreased, that there might be an additive 
effect of the inspired low gas oxygen concentration. However, this was not neces- 
sarily true in other experiments and, since there is variation in the Spa,,, this 
would be attempting to extract too much from the data with reference to this 
one variable. 

The experimental setup was associated with a remarkably stable pulse, 
electrocardiogram, and central aortic pressure, which lends validity to these 
data. Fig. 5 presents segments of the pressure curves and electrocardiogram 
from one such experiment (right ventricular pressure was on another polygraph 
at this time when a pulmonary wedge pressure was being sought). The useless- 
ness of the wedge curve throughout the experiment is apparent. There is an 
increase in phasic and mean pulmonary artery pressures when bypass is insti- 
tuted, and these further increase with the oxygenator. There is a reversion with 
the oxygenator off, although they remain higher than those prior to institution 
of bypass. The importance of the recording of left atrial phasic and mean pres- 
sures can be seen in the third and fourth panels when the atrial pressure has 
also risen with the pulmonary artery pressure and accuracy can be obtained 
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[ 
TABLE | = 
BLOOD a 
MIXED PULMONARY 
TEMPERATURE VENOUS ARTERY AORTA CHEMISTRIES 
(° c.) CO, CO, C0. SERUM ea 
DUG ; REC-| MUS- 0, SAT.| (VOL. |0, SAT.| (VOL. |0, SAT.| (VOL. (MEQ./L.) p 
NO. | _ CONDITION TAL| CLE [BLOOD] (%) | %) |(%)| %) 1(%) | %) | Nal K | cl lo, | 
~~ Control Run if 
l Pre-Bypass 37.0 37.0 - - - 40.88 40.88 95.62 27.63 -- — 185 
Breaching: fF 
2 60% N.—40% O, 37.0 37.0 - = = 32.4 — 95.9 -- - 15]. 
Ry 
3 - 35.0 - - - 60.83 31.25 85.11 31.02 —- - = Me | oe 
Straight Bypass a 
I Breathing : 36.2 36.5 38.0 - 43.84 33.18 - 87.49 28.09 139 4.5 1138 155 
60% N:—40% O, if 
2 37.2 37.5 38.0 - - 49.33 32.73 100.43 23.18 145 3.3 121 122] _ 
‘. 
3 - 36.2 38.0 —- — 53.94 28.90 86.15 22.63 144 4.8 120 141] 
Bypass Oxygenator 7.3 
1 On Breathing: 36.6 36.7 37.8 43.31 32.53 96.01 20.23 95.57 20.18 —- - - M5] 
60% N,—40% O, 1.3. 
2 37.0 37.8 38.5 52.23 29.44 94.76 22.11 98.79 17.96 -- ee ae 
toe 
3 - 36.5 37.2 60.13 24.16 80.25 22.56 100.79 15.57 - - - 689i 
Bypass Oxygenator 1.4 
1 On Breathing: 36.6 36.5 37.5 44.72 27.86 91.33 18.94 91.09 18.15 -- - 1067 | 
92% N.—8% O, 7,3] 
2 37.0 38.0 38.4 46.64 26.46 89.94 18.49 89.51 16.70 -- - 96 i 
‘, 
3 - 36.2 37.0 50.05 24.51 106.83 17.26 94.84 15.36 -- - af 
Bypass Oxygenator 7.40 
1 On Breathing: 36.5 36.4 37.7 46.13 26.95 101.22 20.72 89.93 17.54 - - - oF 
100% N, 7.36 
2 37.3 38.2 38.0 30.87 23.48 97.40 19.27 67.89 14.08 - - - 8 is 
(We 
3 - 37.0 37.0 41.45 22.09 98.23 16.25 91.68 15.45 - - ~ URa 
Bypass Oxygenator = 
1 On Breathing: 36.5 364 37.7 - = - - - - - - <aty 
2 80% N.—20% O, 37.4 38.1 38.0 - - - -- - = - - - = 
3 - 37.0 380 - - 2 ~ - - -- --| 
Bypass Oxygenator 7.38 
] Off Breathing: 36.2 36.6 38.0 - - 53.58 24.29 63.70 22.80 141 4.5 111 12, 193 
ers 
2 80% N.—20% O, 37.0 38.0 38.2 - - 43.24 23.68 72.93 20.30 144 3.0 116 117 ie 
3 - 37.0 380 - ~ 23.10 27.82 52.18 21.33 138 4.6 120 116) ~~ 
Bypass Oxygenator {- 
1 On Breathing: - - ~ - - - - - - - - ee 
2 92% N.—8% O, 37.0 38.0 37.5 - — = - - - - - Sine 
3 z x e: oa -" of ne, z is he Pak ae _—_—_— 
(Continued on next pages.) 
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BLOOD TOFAL 
PULM. 
PRESSURES (MM. Hg.) RESIST- 
CHEMISTRIES CARDIAC | ANCE 
SERUM CELL RIGHT | PULMO- OUTPUT | (DYNE 
(Ma. %) VOLUME RIGHT VEN- NARY | LEFT MEAN| (L./ SEC. 
pH | ca | P |NPN| (%) |PULSE| ATRIUM | TRICLE | ARTERY | ATRIUM | AORTA |PA-LA| MIN.) | CM.-5) 
Ka 2/0 30/8 12/8 120/90 
731 - - ~ 47 35 M17 30/0 M=17 M=10 M=100 7 1.23 455 
6/0 28/10 4/0 140/110 
7.32 — = 52 170 M=2 30/0 M=13 M=1! M=120 12 2.18 440 
4/0 21/5 3/0 90/60 
727 = = - 45 Iss M=2 22/0 M=-10 M=2 M=70 8 1.56 410 
2.5/-1 30/19 8/5 140/105 a 
73295 55 - 135 M15 30700 M=—25 M@—7 M=120 18 1.33 1083 
6/2 380/15 3/0 160/110 
7.28 9.5 6.0 28 52 12200 M=4 30/0 M=20 M 1 M 130 19 1.98 768 
4/0 23/10 3/0 90/60 
7.21 - - 33 45 147 M= 25 26/0 M—i M=2 M=:70 1] 1.74 506 
4.5/2.5 40/30 15/8 150/100 
7.35 - - = 50 180 M=35 40/2 M=—34 M=1l1 M=120 2% 1,13 1628 
9/5 38/20 5/0 160/110 
7.35 - - - 49 143 M=8 38/2 M=—27 M=3 M=120 24 1.79 1073 
4/0 26/15 3/0 100/75 
7.35 — - - 41 1309 M=22 26/0 M18 M=—2 M=85 16 1.70 753 
4/0 40/27.5 10/6 140/95 
7.43 - = - 46 170 M=3 40/15 M=30 M=9 M=110 2] 1.20 1400 
11/7 43/27 3/0 150/100 
7.31 - - - 49 182 M= 43/5 M=35 M=—1 M= 10 & 1.98 1374 
6/2 35/25 3/1 100/80 
7.36 - - - 47 140 M=4 32/0 M=27 M=2 M=85 25 1.97 1015 
4/0.5 40/32.5 11/7 145/100 
740 - = - 44 170 M=35 40/44 M=35 M=10 M=110 25 1.05 1905 
5/2 35/20 =3/0 115/80 
7.36 - - - 52 1460 M=4 87/0 M=25 M=15M=100 235 2.09 900 
4/0 35/27 3/0.5 85/65 
7.39 - - - 45 76 M= 2 $5/0 M=—3i M=2 M=70 29 1.68 1381 
3.5/0.5 45/32.5 10/4 135/100 
Sih - - - 170 M=3.0 45/56 M=—35 M=85M=110 265 0.93 2279 
7/2 35/20 3/0 105/75 
a = - - 200 M=5 N.G. M=25 M=1 M=90 24 1.88 1921 
6/2 42/26 4.5/1 95/60 
bc ie ee ~ = 148 M=4 36/0 M=32 M=2.55 M= 80 29.5 1.91 1236 
8/5 40/32.5 12/8 160/130 
73895 66 — A 170 M=65 40/5 M=35 M=10 M=140 25 1.34 1493 
6/3 37/20 6/3 120/90 
123 9.7 6.7 33 52 120 M=5 37/0 M=—33 M=4 M=100 19 1.96. 775 
FE 2.5/0 30/20 2/0 80/55 
7.26 - = 42 45 170 M=15 30/0 M25 M=—=1 M=—60 2&4 1.97 975 
6/4 40/32.5 11/8 140/110 
hs - - - 150 M=5.5 40/25 M=35 M=—105M=115 24.5 1.15 1704 
6/2 28/17 2/0 70/40 
q * be - = 180 M=4 NG. M=—22 M=1 M = 60 21 1.76 955 
4/0 37/27 2/0 80/60 
ps Ete = fe - 77 M==s 33/0 M=3i M=—1)] M=—7 30 1.52 157 
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TABLE 
oo j 
BLOOD P 
MIXED PULMONARY 
TEMPERATURE VENOUS ARTERY AORTA CHEMISTRIES 
(° ¢.) CO, CO. CO, SERUM 
DOG REC-| MUS- 0, SAT.| (VOL. |0, SAT.} (VOL. |0, SAT.| (VOL. (MEQ./L.) 
NO. CONDITION TAL | CLE |BLOOD| (%) | %) | (%) | %) |(%) | %) | Na| K | cl | co, 
Bypass Oxygenator 
1 Off Breathing: 36.1 36.4 38.0 - -- 55.33 25.70 55.43 24.59 -- es 
2 92%-N.—8% O, 37.4 38.0 38.2 —- - 30.33 23.44 46.40 17.27 -- = Yt 
3 - 37.0 37.2 -—- - 28.96 22.35 44.50 18.94 - - - O28 
Bypass Oxygenator 
l Off Breathing: 35.9 35.6 380 -—- - - - 12.65 27.50 - - o- @ 
2 92% N.—8% O, - - _ ~ -- 9.54 24.61 26.15 19.10 - - ss 
3 . - 87.0 387.2 - - 9.73 24.26 15.77 15.33 -- he 
Bypass Oxygenator 
1 Off Breathing: ~ - = = x = a = es —_ at: 
2 92% N.—8% O, 37.0 38.0 380 - - - = - ~ a ae Pe 
[J PA-LA mean pressure 
@ic.0. (L/min.) 
300% @TPR (dyne sec. cm -5S) 
| 
teos 2201 
200% _ 1199 \gof 
$143 
+ 100%) Tas 7a? | 
 cowrnocl LN 
| CONTROL = 
at 64 ts 44 
SPAOp 52% 84% 96% 99% 
-100%' sion = 40% 40% 8% 0% 
|¢————- OX YGENATOR ON ——————> 
7 < BY PASS > : 
300% ' 
216 o ' 226 
0 
200% | fiz72 atl M176 jsip $167 
mit 
+ 100% | t77 
| \ | Sot, 
siemens! ; | | es 
5¢ Bt 104 et 24¢ 
SPAO. — 38% a 38% 10% a= 
-100% Si02 20% 20% 8% 8% 8% 8% 
OXYGENATOR- ON OFF ON OFF OFF orr 
is BY PASS 
Fig. 4.—Comparison of the important circulatory findings in the nine stages of study 
on three experiments from the data in Table I. Each value is compared to its control level 
and the average percentage change for the three experiments is represented in the blocks for 
a mean pulmonary artery pressure (PA-LA mean), cardiac output, and total pulmonary 
resistance. 
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TABLE 
——— | [—ConT’p 
a ene rn a — — 2 — a —————— — TOTAL 
RE... eae : PULM. 
ES Reve PRESSURES (MM. Hg.) ob aie) ny RESIST- 
CHEMISTRIES CARDIAC | ANCE 
SERUM CELL RIGHT | PULMO- OUTPUT | (DYNE 
| 00, (MG. % ) VOLUME RIGHT VEN- | NARY | LEFT MEAN| (L./ | SEC. 
pH | Ca | P |NPN]| (%) |PULSE] ATRIUM | TRICLE | ARTERY |ATRIUM| AORTA |PA-LA| MIN.) | CM.-5) 
- = _ 5/3 40/32.5 13/10 165/135 
pt “ = - 47 150 M=40 40/1 M=35 M=12 M=150 23 1.51 1219 
> 12/4 30/20 5/2 138/100 
7.26 — - - 49 1440 M=6 30/0 M23 M=:3 M=120 20 1.92 833 
- 9.8 4/0 37/25 2.5/0 100/70 
Sy Ml - - 48 170. lo M= 38 N.G. M=27.5 M=—-1 M=—80 265 1.74 1218 
- ae 14/5 40/25 20/10 200/130 - 
- - - - - 50 M=NG. 40/44 M=35 M=14 M=160 21 1.61 1043 
= 6/2 30/15 3/0 120/90 
- = - - - Ise = 5 NG. M=22 M=:1 M105 21 2.25 747 
= 4/0 40/25 3/0 100/55 
- - - - - 178 Me=2:5 NG. M—28 M=2. M—7 26 2.17 958 
a amas 7). 20/10 5/2 120/740 —— 
- - - - - 80° M=4 20/2 M=—15 M 2.5 M = 60 12.5 2.35 426 
a 7/2 33/15 3/0 190/65 
- - - = 110 M=5 N.G. M=22 M=1 M=90 21 2.40 700 
PULMONARY ARTERIAL OXYGENATION-CENTRAL VASCULAR 
PRESSURES & RESISTANCE 
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Fig. 5.—Segments of original pressure pulse traces with the oxygen data and calculated 
cardiac output and total pulmonary resistance for one experiment demonstrating characteristic 
changes associated with bypass, and Drnase with oxygenation, and, under these circumstances, 
no added effect from decrease in inspiratory oxygen concentration ( SIo,). 
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only when the pulmonary artery minus left atrial mean pressure is used for 
calculating the total pulmonary resistance. There is steady control of output, 
and the usefulness of the constant level well is seen. Data on the 3 animals 
carried through the nine-stage experiment, as seen in Table I and Fig. 4, show 
these same phenomena. Examples of the lack of correlation between decrease 
in inspired oxygen concentration on the resistance change in these circumstances 
can also be seen. 

With such a complex experiment, a number of monitors and controls were 
instituted to keep as stable a preparation as possible. If a heat exchanger were 
not in the system, the temperature fell to 29° to 31° C.; therefore, the heat ex- 
changer in the cireuit is mandatory. Temperature measurements at the blood, 
muscle, and rectal sites indicated stability at 36° to 38° C. in all experiments. 
At least two electrolyte checks were obtained and little change found. Repeated 
acid-base studies indicated no profound abnormality—a mild, metabolic acidosis 
was occasionally present, as is often associated with surgical procedures and 
anesthesia, and a respiratory alkalosis was usually present, often compensating 
the acidosis, reflecting not only hyperventilation but decarboxylation by the 
bubble oxygenator. Whole blood hematocrit measurements changed little 
throughout the procedure. There were occasional instances of pulse abnormality. 
In 1 animal not used for this study, there was a period of bradycardia just 
before going on bypass, and ealeulated resistance did not vary, whereas changes 
occurred in eardiae output and phasic pulmonary artery pressure because of 
this bradycardia. These data are as follows: 

Pulse—48/min. P.A. = 27/5 12 mm. Hg 
PA, — LA, = 10 mm. Hg 
C.O. = 1.96 L./min. 
2.19 L./min. 
R = 408 dyne see. em.-* 
365 dyne see. em.~> 
Pulse—78/min. P.A. = 22/15 17 mm. Hg 
PA, —- LA, = 13 mm. Hg 
C.O. = 2.47 L./min. 
R = 421 dyne see. em. 


Right ventricular pressure was used to monitor ventricular diastolic pressure for 
evidence of failure; however, when a marked change occurred, the cannula pulled © 
back into the right atrium (see Fig. 3) and, as noted in Table I, an occasionally 
unusable pressure curve was obtained. In rare instances, an acute, but tem- 
porary, elevation of the diastolic pressure was found as in the second experiment 
of Table I. During the times of marked increase in pulmonary vascular re- 
sistance, there is a modest inerease in the diastolic pressure reflected in the right 
atrial pressure. Furthermore, the systolic level of the right ventricular pres- 
sure served as a check on the systolic level in the pulmonary artery, the most 
important pressure parameter. 

A portion of lung was biopsied from each side at the end of the procedure 
to cheek for thromboses, arterial abnormalities, worms, ete. The heart and 
major proximal vessels were opened and examined grossly for the same reasons. 
None was noted. 
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DISCUSSION 


The oxygenation of the pulmonary artery blood under these circumstances 
is 30 to 60 per cent above that of the usual mixed venous oxygen saturation, 
and from a pulmonary circulatory point of view, it is therefore hyperoxic. 
Smith,?> Bennett** and their associates, in 1932-1934, demonstrated pathologic 
pulmonary arterial changes and elevation of pulmonary artery pressure in rats 
when the animals were subjected to chronic elevation of atmospheric pressure, 
and it is notable that the environmental oxygen tension was 635 mm. Hg. They 
felt that the pulmonary hypertension may have been present early but had not 
been measured. It is clear that one of the next steps in this study is to control 
the oxygenation and to measure Poz, as well as the oxygen saturation, especially 
when saturations of 100 per cent oxygen are obtained. - 
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Fig. 6.—Plot of values of pulmonary arterial oxygen saturation (SPAo,) and calculated 
total pulmonary resistance (TPR) (when obtained simultaneously) under the three experi- 
mental circumstances (control, bypass, and oxygenator) in an attempt to elucidate the effect 
of hypoxia, as, well as hyperoxia, on vascular resistance. 

How does this hyperoxic reaction relate to shunts? At the present time an 
extensive survey is being done on our own and published catheterization data 
to see if there is any relationship between the measured pulmonary arterial 
oxygen saturation and the measured pulmonary vascular resistance ; however, it 
would seem that there is not such a correlation. For example, the large inter- 
atrial septal defects are commonly associated with a high value of mixed venous 
oxygen saturation and, in general, are usually associated with normal or low 
pulmonary vascular resistances. On the other hand, small shunts from the high 
pressure circuit in ventricular septal defect and patent ductus can be associated 
with increased vascular resistance. The direct pressure effect, jet effect, laminar 
flow of hyperoxygenated blood (otherwise well mixed from an atrial side), 
striking pulmonary receptors from a high pressure source, or some other factor 
may be operating. 

In many instances the presence of the bypass itself, without the bubble 
oxygenator in the system, was associated with increased pulmonary vascular re- 
sistance. However, two things must be noted. The bypass is initiated with an 
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oxygenated blood drawn from the donors’ arterial systems and, in two instances, 
measurement of the saturation has shown it to be high. For example, in the dog 
with the reversible bypass, the initial institution of bypass was associated with 
a donor blood oxygen concentration of 91 per cent and there was a striking 
increase in pulmonary arterial pressure, cardiac output, and resistance. As time 
progressed and the saturation fell to 67 per cent, there was a return toward 
normal, but not to normal, of these cireulatory dynamics. Reverse of the bypass 
to control produced a normal pattern; then reinstitution of the bypass from a 
circuit now containing venous oxygenated blood of close to 60 per cent produced 
little or no change in resistance and only a slight inerease in output and pres- 
sure. Addition of the oxygenator, inducing a pulmonary artery blood oxygen 
concentration of 100 per cent, produced a marked increase in pulmonary vascular 
resistance. Bypass alone produced reversion of vascular resistance close to 
normal, Return to normal circulation reproduced control resistances, although 
associated with a somewhat lower cardiac output. 

Could there be a bifid reaction; that is, a modest stimulus to increased 
vascular resistance from decreased oxygen concentration and a marked stimulus 
with increased oxygen concentration? Fig. 6 shows a plot of data in which a 
pulmonary arterial oxygen saturation was obtained at the same time as total 
pulmonary resistance was calculated and, as ean be seen with the three groups 
of studies—control, straight bypass, and bypass with oxygenator—there is a 
tendency to a somewhat increased resistance at the lower oxygen concentration 
and a clear-cut indication of increased resistance at high oxygen concentrations. 
There is too much scatter and too few points to judge the hypoxic effect, espe- 
cially in view of the variation in cireumstances of measurement. 

There are certain clinically useful suggestions from this study. In the 
pulmonary hypertensive patients undergoing extracorporeal circulation in whom 
the lungs fill with blood from the systemic side of the circuit and are usually 
ventilated with gas of high oxygen concentration, the stage for a further in- 
creased pulmonary vascular resistance, obtainable at the time of coming off of 
bypass, might be set, and some variation in the inhaled gas mixture might 
be worthy of study. The possible deleterious effect of small shunts, and espe- 
cially small residual post-surgical shunts in patients with pulmonary hyper- 
tension, may assume great significance. 

The inereased pulmonary vascular resistance under hypothermia might also 
be explained by this mechanism, as the oxygen saturation of mixed venous blood 
increases as a result of decreased peripheral metabolism and arteriovenous shunt- 
ing. 


SUMMARY 


Observations with the use of a controlled extracorporeal shunt from venae 
eavae to right atrium in which the oxygenation of the blood, other than that 
returning by the coronary sinus, can be controlled, have shown an increased 
vascular resistance associated with the institution of the bypass circuits and, 
most importantly, a striking increase in all parameters related to increased total 
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pulmonary resistance and pulmonary hypertension when excessively oxygenated 
blood is returned to the right side of the heart. The vascular reaction to 
oxygenated blood in the pulmonary cireuit has even been lethal in normal dogs. 


The technical assistance of Florence Kosmal and William Rank is gratefully ac- 


knowledged. 
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TREATMENT OF BANK. BLOOD BY RESINS 


Edward D. McLaughlin, M.D. (by invitation), Thomas F. Nealon, Jr., M.D., 
and John H. Gibbon, Jr., M.D., Philadelphia, Pa. 


HE successful application of cation exchange resins to reduce abnormally 

high levels of ammonium and potassium in stored blood has been reported 
by Schechter, Nealon, and Gibbon.’ Blood so treated still has an abnormally 
low pH, chiefly because of citrate preservative. By passing bank blood over 
an anion exchange resin, McLaughlin, Nealon, and Gibbon‘ were able to return 
pH and elevated anion concentrations to normal by substituting bicarbonate 
for the citrate and other increased anions. 

The successful use of extracorporeal circulation in the treatment of vari- 
ous diseases in human beings has necessitated obtaining large quantities of 
compatible blood to prime the apparatus. Blood for this purpose is usually 
drawn within 24 hours of the scheduled time of operation. A number of 
previously typed and crossmatched donors therefore have to assemble at 
one time and place to donate this priming blood. If stored bank blood could 
be safely used, the collection of blood for open-heart operations would be 
greatly facilitated. The purpose of this study was to determine whether the 
electrolyte concentrations of canine bank blood could be restored to approxi- 
mately normal values by passage over both an anion and a cation exchange 
resin. The safety of using this resin-treated blood was then tested by means 
of exchange transfusions in normal dogs. 


METHODS AND MATERIALS 


Donor blood was obtained by exsanguinating healthy adult mongrel dogs. 
ACD solution, Formula A, 75 ml. per 480 ml. of whole blood, was employed as 
the preservative. The 75 ml. of Formula A contains 1.64 Gm. trisodium 
citrate, 0.6 Gm. citric acid, and 1.84 Gm. dextrose (USP). Eight donor pools, 
each containing 3,000 ml. of whole blood, were stored in siliconized, sterile 
bottles at 5° C. Each pool was composed of blood from 3 or 4 different dogs. 
Four pools were stored for 14 days, and 4 for 21 days. A heparinized sample 
of blood from each dog was analyzed for blood pH, plasma hemoglobin, and 
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electrolyte and metabolite concentrations. An aliquot of each pool was simi- 
larly analyzed before and after storage and after traversing a column of anion 
and cation exchange resins. Analytic methods have been given in detail in 
the previous papers.” ° 

Eighteen milligrams of heparin sodium was added to each 500 ml. of 
whole blood when it was removed from storage. The blood was then passed 
over the resin columns at a constant rate during a period of 30 to 35 minutes. 
Each 500 ml. of blood traversed 100 grams of the anion exchange resin, Dowex 
1 x 8, converted from the chloride cycle to the bicarbonate-chloride cyele,* 
and 50 grams of the cation exchange resin, Dowex 50 x 8, converted from the 
sodium cycle to the sodium-calcium cycle. After passage over the resins the 
blood was then given as exchange transfusions to normal dogs. 

The recipient animals weighed 7 to 9 kilograms. Blood for analysis was 
drawn from each dog in a heparinized syringe before starting the transfusion. 
The exchange transfusion was given during a 60-minute interval with the 
animals anesthesized with thiopental sodium. Fifty milliliters of blood was 
withdrawn from the dog’s femoral artery by syringe and an equal amount 
of the pool blood was injected into the femoral vein. This process was 
repeated until the dog had received 200 per cent of its caleulated blood vol- 
ume, or 20 per cent of its body weight’ in pool blood. The dog’s blood was 
analyzed 2 hours and 24 hours after transfusion. The animals were observed 
for 2 weeks after the transfusion; they were then sacrificed and examined 
for gross evidence of hemorrhage, infection, emboli, and intravascular throm- 
bosis. 


RESULTS 

The average analytic values obtained before storage, after storage, and 
after traversing the exchange resins on the four pools of 14-day blood are 
given in Table I. The same studies on 21-day blood are presented in Table II. 
The additional week of storage resulted in significant changes only in potas- 
sium and ammonium, both of which increased. The changes occurring in the 
substances analyzed are discussed below. 


pH.—When the ACD solution was added to fresh blood, there was an 
immediate drop of pH to about 6.8. A further decline to less than 6.2 occurred 
during storage. After the blood traversed the resins, the pH approximated 7.10. 


Sodium.—The addition of ACD solution to fresh blood elevated the con- 
centration of sodium in the plasma to about 160 mEq./L. The value did not 
change during storage. Passage over the cation exchange resin restored this 
elevated value to the normal range. 


Chloride——The drop in chloride concentration on the addition of ACD 
solution can be accounted for by the dilution of the plasma. The further decline 
in concentration during storage may have been due to the passage of chloride 
into cells. No change in concentration occurred after passage over the anion 
resin. 
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Potassium.—Potassium concentration in plasma of bank blood increased 
progressively to an average of 17 mEq./L. after 14 days and 22 mKq./L. after 
21 days of storage. After passage over the cation exchange resin the markedly 
elevated levels were reduced to less than 1.0 mEq./L. 

Calcium.—The addition of ACD solution reduced the plasma calcium level, 
as measured by the technique employed, to approximately 25 per cent of normal. 
Since the calcium was not removed it must have been bound in unmeasurable 
form by the citrate. After the removal of the citrate by the anion exchange 
resin the calcium concentration was only 50 per cent of the original level. The 
present data do not account for the remainder of the calcium. 

Ammonium.—Blood ammonium content increased progressively during 
storage so that after 3 weeks the concentration had approximately tripled. Re- 
duction to the normal range occurred after passage over the cation exchange 
resin. 

Citrate—When ACD solution was added to fresh blood the plasma citrate 
concentration rose from an insignificant amount to approximately 450 mg. per 
100 ml. The concentration did not change during” storage. Passage of the 
blood over the anion exchange resin reduced the citrate content to normal. 


Phosphate.—The phosphate concentration in the plasma after storage was 
about double that in fresh blood. After passage over the anion resin, the con- 
centration returned to the normal range. 


Lactate.—The lactate content of the blood rose markedly during storage. 
Passage over the anion resin removed the greater part of this increase, but did 
not reduce the concentration of lactate to the normal range. 

Pyruvate.—After storage, the pyruvate content of blood was five or six 
times the pre-storage level. After traversing the anion resin, the pyruvate con- 
centration returned to normal. 

Plasma Hemoglobin.—During storage there was an increase in plasma 
hemoglobin. Passage of the blood over both resin columns resulted in slight 
inereases in plasma hemoglobin. 

To recapitulate, the addition of ACD solution to blood produced some in- 
crease in plasma sodium, a large increase in citrate with a concomitant de- 
crease in ionizable plasma calcium and a marked drop in pH. With storage 
there was an increase in ammonium, potassium, phosphate, lactate, and 
pyruvate, and a decrease in plasma chloride with a further drop in pH. After 
passage over the resins the electrolyte concentrations returned to normal 
values except for potassium, calcium, and chloride (which were low), and 
lactate (which was high). There was a marked rise in pH due to the removal 
of the citrate and accumulated anions. 

Eight dogs were given exchange transfusions of the resin-treated blood. 
None showed ill effects from the transfusion. When the animals were sacri- 
ficed 14 days after the exchanye transfusion, postmortem examination showed 
no gross evidence of infection, hemorrhage, thrombosis, emboli, or infaretion. 








J. Thoracic and 
Cardiovas. Surg. 








13°8 2¢0 OTE eos oe 8°6FT OOL 9°¢€ SSL L¥T FEL woIsnysuel} 
19qJB “IY FZ 
z, 6 6F 0G ESS L8°€ a ec cs rE cOLL €cT TS*2 woisny 
8 -SUBI} 10}JZB “IY Z 
(ea) 66. 90°T OSs €9°E ST LLét 6 GF 6'GeL LOL OSL woIsny 
4 -SUBI} B1OJOG 
o da soqg 
a FL19 9¢°0 ocg ear) Ce 0'6ET CF £0 oF6 6€1 vs SUISOI I9AO 
S esessed 10iyy 
< csc CaF LOST os 8°Cet CILeé | SOL 9°88 CLI 919 ‘OD oG§ 38 a8RI0}g 
. feq $1 
Zz L6. ool 8°86 To f° OeF SIFL CG ‘Sc 980T €9T T8°9 worynpos GOV 
= UOIIPpB 1035 V 
= 8 LOT OTE L8°€ HS £6FL Oot 9°€ 8stt €CT 8E°l uedeyH 
o Aed 0 
> poold 
| (CIN (In Gis 8 (IN ("IN (im 00T | (IN OOT ("I ("7 (re aoolg 
>) 00T/9R) | 0OT/PRK) | OOT/PN) | OOT/PN) | OOT/DN) | /90R) /9K) /oqn) | /doqn) | /doqn) | Hd 
= VNSV1d aoota aoo1d VWSV1d VNSV1Td aoo1a VNSV1d VNSV1d VNNSV1d VNSV1d 
qH GLVAQUAd | ALVAOVT "Od ALVULIO +HN he) xu yo eN 











«<Q», DOM HLIM NOISOASNVYY, ADNVHOXY YOU ¢,(,, TOOd “TILT FIAvVL 


YS 
= 
i) 











Nol. £0, No. § " RESIN TREATMENT OF BANK BLOOD 607 

Blood analyses in a typical experiment in which a dog was given an ex- 
change transfusion of pooled blood stored for 2 weeks are shown in Table 
III. The same studies in another animal given exchange transfusion of blood 
stored for 3 weeks are shown in Table IV. Part of these changes are shown 
graphically in Fig. 1. 

The changes in these individual pools of blood are similar to the average 
changes listed in Tables I and II. The recipient dog’s blood prior to trans- 
fusion was similar to the freshly drawn heparinized pooled blood. The stored 
pooled ACD blood after it was treated by resins had a low potassium, calcium, 
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Fig. 1—Changes which occurred in pH, potassium, ammonium, citrate, lactate, and 
plasma hemoglobin during storage for 21 days, passage over resins, and after exchange 
transfusion. The open circles are the levels in the blood of the recipient dog. 
and chloride, and an elevated lactate with a resultant low pH. Two hours 
after transfusion all values were similar to those of the dog before transfusion 
except the lactate which was elevated but lower than in the pooled blood. 
Twenty-four hours after transfusion all values were normal. 


DISCUSSION 


ACD solution is used to preserve blood in almost all blood banks. The 
blood stored in ACD solution in glass bottles is generally discarded after 21 
days’ storage at 5° C. Less than 70 per cent of the cells retain full functional 
capacity after infusion if such blood is stored for longer periods. If ACD 
blood is stored in plastic containers, 70 to 80 per cent viability has been 
demonstrated after 25 days.® 
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Blood stored in citrate-phosphate-dextrose (CPD) solution was studied 
by Gibson, Rees, McManus and Scheitlin in 1957.2. They reported more than 
70 per cent viability of infused cells after 28 to 32 days’ storage at 4° C. when 
the blood was contained in a plastic bag and infused in plastie recipient sets. 
A recent report indicates that multiple transfusions of such blood can be 
given to human beings without significantly elevating the plasma phosphate 
levels. The CPD solution has the further advantage that it alters the pH 
less than does the ACD solution. It drops the pH to about 7.2 as compared 
to 6.8 to 7.0 with ACD solution. Previous work in this laboratory demon- 
strated that there is an even greater accumulation of potassium and am- 
monium when CPD solution is used. However, passage over a cation exchange 
resin will remove the excess potassium and ammonium. , 

Heparinized blood used to prime heart-lung machines is collected within 
24 hours of operation. After 48 hours, heparinized blood tends to develop 
tiny clots. ACD-preserved blood with its high concentrations of potassium, 
ammonium, and citrate cannot be used. Smith, Brown, Young, and Sealy’ 
have successfully primed a heart-lung machine with blood stored up to 5 
days using Edglugate Mg as a preservative. Beyond that time, increased 
potassium and depression of antihemophilic globulin and factor V levels 
contraindicate its use. 

Since our animals tolerated exchange transfusions of ACD blood treated 
by ion exchange resins with no ill effects, it is possible that such blood might 
prove satisfactory for priming heart-lung machines. Stored blood so treated 
must be tested in the extracorporeal apparatus to determine the period of 
storage permissible for animals and for man. If it proves safe to use ordinary 
bank blood for this purpose, collection of blood for open ecardiae operations 
would be greatly simplified. Furthermore, bank blood would be available 
for emergency use of the heart-lung machine. 


SUMMARY 


1. Altered levels of blood pH and metabolites and of plasma electrolytes 
which are present in stored ACD blood may be restored to approximately 
normal values after passage over anion-cation exchange resins. 

2. Canine ACD blood stored 2 to 3 weeks and then treated by anion- 
cation exchange resins and used for exchange transfusions in dogs produced 
no detectable harmful effects to the recipients. 
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GAS-EXCHANGE DYNAMICS OF GLYCEROLIZED 
FROZEN BLOOD 


Thomas G. O’Brien, Lieutenant (MC) USNR (by invitation), Chelsea, Mass., 
and Elton Watkins, Jr., M.D., Boston, Mass. . 


= experience has demonstrated to us that blood treated with glycerol 
and stored for prolonged periods of time in the frozen solid state may be 
used, on thawing, as a satisfactory total blood volume replacement during 
cardiovascular surgery and extracorporeal circulation.** This finding has 
resulted in a considerable improvement in the logistics of blood procurement 
and increased flexibility in tailoring blood transfusion requirements to the 
needs of the individual patient. 

Basic studies of the glycerolization technique by Tullis and associates of 
the Protein Foundation, Ine., demonstrated that human red blood cells could 
be stored at -80 or -120° C. for periods up to 44 months.***° When such 
cells were thawed and transfused, their survival in the circulation was com- 
parable to that of freshly drawn cells treated by conventional blood bank 
techniques. Prior to the freezing process, it was necessary to separate cells 
from plasma and to treat the cellular elements of the blood with glycerol to 
minimize the formation of large ice crystals (which might disrupt the cell 
membrane) to prevent increased ionic concentrations within the cell as water 
was transformed to ice, and to minimize extracellular diffusion of important 
cell constituents. 1% #1 After thawing, the glycerol was removed from the 
cells by washing and the cells were reconstituted in their own plasma or a 
suitable suspension medium containing purified albumin solution. The various 
manipulations of cell separation and introduction and removal of glycerol 
from the cells require a modification of the fractionating centrifuge originally 
devised by Cohn for separation of cellular and protein fractions of fresh blood 
(Fig. 1).2 7425 Since glycerol, the cellular elements of the blood, and the 
various plasma components have varying specific gravities, centrifugation affords 
a method for separating blood elements or for the introduction or removal of 
glycerol from the separated cellular elements. Cell destruction is minimal 
during processing and the closed system ensures complete asepsis. 


From the Blood Preservation and Surgical Research Laboratories of the U. S. Naval 
Hospital, Chelsea, Mass., the Department of Surgery, Lahey Clinic, and the Surgical Service, 
New England Deaconess Hospital, Boston, Mass. 

Aided by aru from the Office of Naval Research, the Lahey Foundation, the National 
Heart Institute, U. S. Public Health Service (H-3803), and the American Proctologic Research 
Foundation. 

Read at the Fortieth Annual Meeting of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 60. 
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In 1956, The Blood Preservation Laboratory was established at the U. S. 
Naval Hospital, Chelsea, Massachusetts, to evaluate the merits of the glycerol- 
ization-freezing method at a clinical level.2? Haynes and associates’ soon es- 
tablished the value of the method in over 1,000 transfusions. In addition to the 
obvious advantages of blood stock-piling without the necessity for discarding 
outdated blood, the over-all reaction rate was found to be only one tenth of 
that seen following conventional transfusion of blood preserved at 4° C. in acid- 











Fig. 1.—View of the Cohn A. D. L. blood fractionator during glycerolization of blood. 
Wash solutions are suspended above the unit. The interchangeable sterile cartridge unit bearing 
the rotating centrifuge bowl and collection bags is located within a refrigerated compartment. 
The centrifuge bowl connects to the drive mechanism by a chuck attachment. Drive controls 
are located above the spinning bowl. 
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citrate-dextrose solution. In view of this experience it seemed advisable to 
test blood passed through the glycerolization process as replacement in the 
massive amounts required so frequently for cardiac and thoracie surgery. 
Such a study was given added impetus by the finding in our laboratory that 
heparinized blood treated by the glycerolization process maintains full heparin 
activity up to 7 months’ storage at —80° C. (the longest period studied).*® It 
seemed possible that heparinized blood could be stock-piled without time limita- 
tion and then used as a medium for pump-oxygenator priming and transfusion 
during open-heart or vascular surgery. 

Basic to such an application was the need for confirmation of the clinical 
observation that glycerolization did not alter hemoglobin structure or intra- 
cellular environment so that the ability of the red blood cell to transport gases 
was seriously impaired. Certain properties of oxygen transport by the red 
blood cell are expressed by the oxyhemoglobin dissociation curve, which equates 
values of oxyhemoglobin saturation (the percentage of total hemoglobin in 
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Fig. 2.—Diagrammatic representation of consequences of a shift to the left of the normal 
oxyhemoglobin dissociation curve (solid line). 


the oxygenated state) to the partial pressure of oxygen in a gas mixture in 
equilibrium with the blood. Construction of an oxyhemoglobin dissociation 
curve for a given blood specimen enables one to draw conclusions as to the 
manner in which that blood will give up oxygen within the tissues to provide 
an oxygen pressure within the tissues for adequate aerobie cellular metabolism. 

Of particular significance in the present study was the finding by Valtis 
and Kennedy?’ that blood collected in the usual acid-citrate-dextrose solution 
demonstrated an impairment of oxyhemoglobin dissociation after a number of 
days’ storage at 4° C. The character of the changes demonstrated by them 
are illustrated diagrammatically in Fig. 2. As a result of a shift to the left 
of the oxyhemoglobin dissociation curve, the tissue oxygen concentration or 
partial pressure (pO.) is in danger of falling to anoxie levels before an 
adequate dissociation of oxygen from hemoglobin may oceur. 

The curve shift gradually reversed once the transfused blood was within 
the body, but large volume blood replacements resulted in serious impairment 
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of tissue oxygen tension persisting for several days. At certain times, the 
tissue oxygen tension could be actually worsened by transfusion despite ap- 
parent correction of an anemic state. The implications of such a situation 
are obvious in thoracic surgery, where the derangement may be compounded 
by diminished cardiae output and ventilatory reserve. 

The Valtis-Kennedy effect is related to variations of blood electrolyte con- 
centrations and may be eliminated by addition of sodium chloride to plasma.”® 
Since the glycerolization process (unless carefully controlled) might be ex- 
pected to derange just these electrolyte concentrations, a determination of 
oxyhemoglobin dissociation properties was necessary to confirm our impression 
that a serious alteration of hemoglobin chemistry was not induced by the 
elycerolization process. 
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Fig. 3.—Diagrammatic representation of the } esa bowl used for cell separation and 
washing. 


METHODS 


Glycerolization and Freezing of Blood.— 

Blood from a healthy young donor is collected by phlebotomy, drawing 475 ml. into 
a plastic bag containing either acid-citrate-dextrose solution or heparin-saline solution. _ The 
citrate bag contains 75 ml. of acid-citrate-dextrose solution, National Institutes of Health 
Formula A. The heparin bag contains 2,000 USP units of heparin sodium in 30 ml. of 
0.89 per cent sodium chloride solution buffered to pH 7.4. Between collection and glycerol 
processing, the bags are stored at 4° C. for periods up to 5 hours. 

Blood is glycerolized and deglycerolized by passage through a centrifuge of the 
Cohn type (Cohn A.D.L. fractionator*) (see Fig. 1). Interchangeable cartridge units are 
placed within a refrigerated compartment of the fractionator and the centrifuge portion 
of the cartridge assembly rotated at a revolution rate which may be varied depending 
upon the type of separation desired. A diagram of the Type II centrifuge bowl (Fig. 3) 
used for glycerolization and deglycerolization illustrates the manner of introduction of 
blood and withdrawal of blood fractions. Blood or washing solutions are admitted by 
pressure flow through a plastic tube manifold. After passage through the centrifuge bowl, 
the separated elements are collected in plastic bags connected to outlet ports in the base of 
the bowl. Since the collecting bags and centrifuge bowl are assembled and sterilized as an 


*Arthur D. Little Co., Cambridge, Mass. 
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interchangeable cartridge unit, the dangers of contamination during attachment of tubing 
connections are eliminated. 

In the glycerolization phase, blood is forced onto the rotating bowl at a flow rate 
of approximately 50 ml.. per minute. The bowl is rotated to give a gravitational force 
of 425 g. The blood passes to the periphery of the bowl by centrifugal force. Separation 
of the blood into a heavier red cell layer at the bowl periphery and an inner lighter plasma 
layer occurs as the bowl fills to its capacity of 350 ml. The separated plasma accumulates 
in the inner area of the bowl and overflows a central weir into a plastic bag. After the 
entire unit of blood has been infused and the maximal amount of plasma collected, the 
plasma bag is sealed and detached from the cartridge unit for freezing. Without interruption, 
a large volume of 20 per cent solution of glycerol is introduced into the bowl followed by 
a large volume of 50 per cent glycerol. As each successive glycerol solution increases in 
volume within the centrifuge, it traverses the packed cell residue contained within the bowl 
from the periphery to the central weir of the bowl and thence spills over into a discard 
outlet. The plasma remaining in the bowl at the end of the cell separation cycle dilutes 
the initial portions of 20 per cent glycerol entering the bowl and a similar dilution occurs 
as the glycerol solution concentration is increased. Glycerol equilibration between the cells 
and wash solution thereby progresses gradually by means of counter-current dialysis. 
Following addition of the 50 per cent glycerol solution, the centrifuge is stopped, permitting 
the glycerolized cells to flow into a separate plastic bag which is sealed and detached. 

The plasma and red cell bags are marked and placed in a cardboard container for 
storage in a —80° or —120° C. freezing unit. Temperatures prevailing within the freezers 
are continuously recorded. An automatic alarm system signals any possible failure of the 
freezer mechanism. Temperature equilibration is obtained within 6 to 8 hours after the 
bags are placed within the freezer. 

To reconstitute the blood, the frozen units are thawed for 10 minutes in a rotating 
water bath at 37° C. Glycerol is removed from the cell mass by exposure within the 
centrifuge to solutions containing decreasing concentrations of glycerol. This dialysis must 
progress gradually since water will enter the cell four times faster than the glycerol will 
leave and a slow step-wise progression must be used to prevent hemolysis. A small amount 
of plasma is washed through to displace the last wash solution. The cell mass is then 
removed into a plastic administration bag where it can be reconstituted with its own plasma 
or other desired suspension medium. The reconstituted blood is stored at 4° C. until ready 
for use. 

It now takes us 35 minutes to glycerolize a unit of blood and 45 minutes to re- 
constitute it. With the present equipment one technician can process four units simultaneously. 
Glycerol concentration is 40 per cent within the frozen cell and less than 1 per cent 
following reconstitution. To meet special clinical requirements, the electrolyte concentration 
and pH of the reconstituted blood may be varied at will by altering the composition of 
the final washing solutions. 


Blood and Gas Analysis Methods.— 


Blood samples were withdrawn from patients by arterial or venous puncture. During 
in vitro studies, plastic blood bags were inverted 25 times to assure adequate mixing. 
Blood was withdrawn for sampling or stored after equilibration in Luer-Lok syringes 
lightly lubricated with mineral oil. Syringe dead space was filled with 1 per cent heparin 


solution in saline. Following collection of a sample, the syringe was sealed with mercury, 
capped with a locking hub, and immediately immersed in an ice bath. 

Samples of blood 6.0 ml. in volume were equilibrated in Barcroft tonometers of 
approximately 325 ml. capacity by rotation for 20 minutes in a 37° C. water bath, following 
gassing of the tonometer for 30 seconds at 3 L. per minute from cylinders containing 
varying proportions of nitrogen, oxygen, and carbon dioxide. The carbon dioxide tension was 
approximately 40 mm. Hg in each cylinder and the ratio of nitrogen to oxygen varied to 
give approximate oxygen tensions of 15, 25, 30, 60, 90, or 120 mm. Hg. 
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Blood oxygen capacity as determined by the method of Van Slyke and Neill17 was 
compared with the spectrophotometric method of Hickam and Frayser,® using a Beckman 
spectrophotometer Model DU. Published density coefficients were confirmed by the standard- 
ization in a large number of normal bloods against the manometric capacity. Using our 
constants, 11 consecutive fresh blood samples showed a mean deviation between manometric 
and spectrophotometric values of —0.07 vol. per cent with a standard deviation of 0.49 
vol. per cent. For 16 consecutive comparisons on samples of thawed deglycerolized ACD 
and heparinized blood, the mean deviation was —0.15 vol. per cent with a standard deviation 
of 0.40 vol. per cent. The lack of significant statistical variation between such comparisons 
of fresh and frozen blood oxygen capacities indicates the validity of our spectrophotometric 
standards and excludes the possibility of significant methemoglobin formation in the stored 
blood. There was no increased disparity between manometric and spectrophotometric 
capacity values in the older stored bloods, which ranged from 3 to 31 months’ storage time. 

Blood oxygen and carbon dioxide contents were determined initially by the combined 
manometric method -of Van Slyke and Neill17 using 1.0 ml. blood samples. Since the 
resulting oxyhemoglobin saturation values showed insignificant deviation from simultaneous 
oxyhemoglobin determinations by a spectrophotometric method, we abandoned the combined 
blood manometric analysis and relied in this study upon the quicker spectrophotometric 
method. During this later period, plasma carbon dioxide content was determined by the 
manometric method of Van Slyke and Neill17 on 1.0 ml. plasma samples obtained after 
centrifugation under oil. , 

Blood hydrogen ion concentration was measured with the Beckman Model Gs pH meter 
with an external anaerobic electrode immersed in a 37° C. water bath. The electrode was 
standardized with pH 7.00 buffer solution. Microhematocrit determinations were made.® 

Following tonometric equilibration, the gas phase within the chamber was analyzed 
for carbon dioxide and oxygen by duplicate determinations with the Scholander apparatus.2° 
Gas tensions were computed from this analysis and the ambient barometric pressure corrected 
for water vapor tension. 


Computation of Oxyhemoglobin Dissociation Curves.— 

Oxyhemoglobin dissociation curves were constructed using the general principles of 
the Harvard Fatigue Laboratory as outlined by Dill in the report of Keys, Hall, and 
Barron.11_ The technique of computation is shown in Fig. 4. Generally between three and 
five observations with oxyhemoglobin saturations between 30 and 80 per cent were available 
to give a linear relationship between HbO./Hb (oxyhemoglobin/reduced hemoglobin) and 
corrected pO, when plotted on 2 by 3 eycle log-log paper. The resulting best-fit line was 
used to construct the conventional sigmoid dissociation curve comparing oxyhemoglobin 
saturation to corrected pO,. In addition, two values were determined for each linear log-log 
plot to express the contour and position of the constructed linear sigmoid curve: (a) the 
pO, value where HbO, = Hb or 50 per cent oxyhemoglobin saturation; and (b) the slope 
of the log-log line which represents the value ‘‘n’’ in the Hill-Barcroft equation expressing 
the general characteristics of oxyhemoglobin dissociation: 

HbO, ‘ 
ip = K (p0.)" 
or log HbO./Hb = log K + n log (pO.) 
The pO, 50 per cent value represents the degree of shift of the dissociation curve to right 
or left of the standard position while the value ‘‘n’’ determines the degree of sigmoid 
inflection of the curve. 
All pO, values were corrected to a standard pH, of 7.40 by the equation: 


A log pO, 
A pH 


=i 


Since there was no reason to suppose that the value of the constant K in this equation 
would be the same for degycerolized blood as for fresh blood, determinations of the constant 
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were carried out by construction of multiple dissociation curves on aliquots of deglycerolized 
acid-citrate-dextrose or deglycerolized heparinized blood in which the pH was altered widely 
by alterations of pCO., or addition of lactate or sodium bicarbonate. The value of K 
for deglycerolized heparinized blood was found to be —0.475, standard deviation 0.060 
(eight determinations). The value of K for deglycerolized acid-citrate-dextrose blood was 
found to be —0.2945, standard deviation 0.0117 (seven determinations; pH 6.55 — 7.44). The 
standard value for K of —0.480 above 7.00 pH and —0.460 below 7.00 pH was used for fresh 
heparinized and ACD blood corrections.27 
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Fig. 4.—Method of construction of oxyhemoglobin dissociation curve. Between three 
and five observations are made equating oxyhemoglobin saturation to pOz at a given pH. 
The saturation value is converted to the ratio: HbO:2/Hb (oxyhemoglobin per cent/reduced 
hemoglobin per cent) and the pO:z value corrected to a standard pHs 7.40 equivalent. These 
points are then plotted on log-log paper (1) to give a straight line. Values are computed 
for pOz at which oxyhemoglobin saturation is 50 per cent and “n” representing the slope 
of the line. Conventional dissociation curves are constructed (II) by reading off points upon 
the best-fit log-log line. 


RESULTS 


Standard Curves for Fresh Heparinized Blood From Healthy Donors and 
Preoperative Patients.— 

To confirm the validity of our methods, six curves were constructed using 
fresh heparinized blood of healthy donors and patients preoperative for thoracic 
operation, without evidences of anemia, polycythemia, or arterial oxyhemo- 
globin desaturation. The conformity of the standard curve resulting from 
averaging these values is shown in Fig. 5. The pO. value for 50 per cent 
oxyhemoglobin saturation was 23.81 mm. Hg with a standard deviation of 
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3.15 mm. Hg. The value of ‘‘n’’ was 2.540 + 0.13. The standard curve con- 
forms closely to the curve of Morse’ for adults. It is likely that the larger 
standard deviation for our pO, value results from the use of blood from an 
adolescent and two children in our standard curve computations. Since most 
of the blood donors in this series were healthy sailors in late adolescence, altera- 
tions of contour of the individual blood specimens from published adult standard 
curves might be expected.* * '* Conclusions are based largely on the comparison 
of eurves with control curves on that blood or changes in contour of the 
individual curves with the passage of time. 
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Fig. 5.—Comparison of our normal control oxyhemoglobin dissociation curve to the curves 
reported by Dill*® and Morse.” 

Fresh Acid-Citrate-Dextrose Blood Preserved at 4° C.— 

Contrary to the findings of Valtis and Kennedy, we found a significant 
shift of oxyhemoglobin dissociation to the left on the first day of storage at 
4° ©. In two such units, pO.-50 per cent values were 11.0 and 17.5 mm. Hg. 
Valtis and Kennedy could demonstrate significant shifts only after storage of 
such blood at 4° C. for periods of more than 7 days.?7. We demonstrated that 
the shift showed progression with prolonged storage at 4° C.—a finding con- 
sistent with the observations of Valtis and Kennedy.** 

Blood Collected in Acid-Citrate-Dextrose Solution, Glycerolized, and Frozen 
at -80° C. for Periods up to 31 Months.— 

It was impossible to detect a significant shift of the oxyhemoglobin dissocia- 
tion curve in blood immediately upon reconstitution after —80° C. storage for 

















Vol. 40, No. 5 GAS-EXCHANGE DYNAMICS 619 
November, 1960 

up to 31 months (Fig. 6). Although a slight deviation to the left from the 
normal curve was observed in four of five units studied, the pO.-50 per cent 
value was altered less than 3.6 mm. Hg in these units, an insignificant change. 
Moreover, there appeared to be no consistent progression of the slight variation 
during successive months of —80° C. storage. It was not possible to compare 
dissociation curves observed before freezing with curves obtained on the same 
blood after storage since all units were glycerolized and frozen before the 
inception of this study. 
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Fig. 6.—Oxyhemoglobin dissociation curves for blood collected in acid-citrate-dextrose 
solution and preserved for varying lengths of time at —80° C. After thawing and deglyceroliza- 
tion, curves were determined immediately and after several days’ additional storage of the 
now fluid blood at 4° C. Although insignificant shifts are observed immediately upon thawing, 
the characteristic Valtis-Kennedy shift is observed as the blood is stored at 4° C. 


The characteristic significant shift of dissociation to the left was observed, 
however, when these units were stored at 4° C. for periods of 8 days or over 
after deglycerolization and reconstitution. The magnitude of the shift at 
4° C. did not appear to be greater than that observed by Valtis and Kennedy 
for fresh acid-citrate-dextrose blood stored at 4° C. for comparable lengths of 
time.?? 

Blood Collected in Heparin-Saline Solution, Glycerolized, and Frozen at 
-80° C. for Periods up to 7 Months.— 

Table I indieates a significant shift of oxyhemoglobin dissociation to the 
left in curves determined immediately after reconstitution following collection 
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in heparin, glycerolization, and freezing. Since heparinized blood is not stored 
at 4° C. after reconstitution but is used immediately for pump priming and 
transfusion, studies were not conducted to indicate progression of the shift on 
prolonged storage. Attention is directed to the in vivo observation that the 
shift was corrected in a much more rapid manner following total blood volume 
replacement with heparinized deglycerolized blood than with fresh acid-citrate- 
dextrose blood volume replacement (Fig. 7). Despite the magnitude of the 
‘arly shift observed in vitro, the clinical study carried out and demonstrated 
in Fig. 7 suggests that correction may be so prompt that shifts comparable to 
those demonstrated in vitro could not be shown. 

Dynamics of Oxygen and Carbon Dioxide Exchange.— 

The oxyhemoglobin dissociation curve expresses the static equilibrium con- 
ditions of oxygen. transport and gives no indication as to the rate at which 
oxygen will combine with hemoglobin in the red cell. We have used a pump- 
oxygenator circuit to study these dynamic changes. In one experiment, our 
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Fig. 7.—Studies in patients after total blood volume replacement with bank ACD blood 


stored by the conventional techniques at 4° C. for 13 days, as compared to similar replacement 
with blood which had been preserved in heparin and frozen at —80° C 

ACD 13 Days: A 47-year-old crane operator undergoing total cardiac bypass for operative 
treatment of aortic stenosis received 4,500 ml. of bank ACD blood late during the procedure. 
A pronounced left-shift has not completely corrected by the fourth day of his uncomplicated 
convalescence. (An 11-day curve was not suitable for computation because of gas analysis 
errors. ) 

Frozen Heparinized: A 13-year-old girl received 4,800 ml. of frozen deglycerolized heparin 
blood stored 5 to 12 days at —80° C. during total cardiac bypass for correction of pulmonic 
stenosis. Shift was observed immediately after operation, but curves drawn on_ postoperative 
days 1, 2, and 11 showed no significant deviation from the control curve. Neither patient 
showed bleeding tendencies nor late difficuities. 
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pump-oxygenator*® was primed with fresh heparinized venous blood and the 
rate of oxygenation under standard conditions observed. In another experi- 
ment, deglycerolized heparinized blood was used in a similar manner. Since 
the oxyhemoglobin saturation changes were not comparable in the two ex- 
periments, direct comparisons are not possible but equation to published 
figures for bypasses indicates that no gross impairment of oxygenation 
rate is induced by the glycerolization process. In the recirculation experiment 
with fresh heparinized blood, we found that our dise oxygenator introduced 
into venous blood 2.88 ml. of oxygen per dise per minute in raising oxyhemo- 
globin saturation from 42 to 68 per cent. Gross and associates’ found that 
their oxygenator introduced 3.0 ml. of oxygen per dise per minute at com- 
parable saturation levels. Using deglycerolized heparinized blood (which had 
been stored 6 months at —80° ©.) as a prime in our oxygenator, we found 
2.22 ml. of oxygen per dise per minute was introduced to raise oxyhemoglobin 
saturation from 63 to 88 per cent. Gross and associates® reported an exchange 
of 2.0 ml. per dise per minute. Thus we conclude that no gross deficiencies 
in oxygen uptake dynamics exist following glycerolization of blood. Further 
studies are in progress to document precisely these dynamic changes as well 
as the conditions of carbon dioxide transport in the above experiment. The 
rate of change of blood pCO, did not significantly vary between the two types 
of blood. 


DISCUSSION 


We have confirmed the finding of Valtis and Kennedy”? that the oxy- 
hemoglobin dissociation curve shows a shift to the left as fresh acid-citrate- 
dextrose blood is preserved at 4° C. beyond 8 days. They concluded that the 
shift was dependent upon changes in intracellular electrolyte concentration and 
pH, and could be prevented by the addition of sodium chloride solution to 
the preserved blood to bring the final concentration of sodium chloride to 0.45 
per ecent.2° The present deglycerolization technique does not result in significant 
shifts of the oxyhemoglobin dissociation curve during periods of storage of 
the citrated blood cell at -80° C. up to 31 months, despite the considerable 
alterations of electrolyte concentration which must occur during glycerolization 
and deglycerolization. However, we have demonstrated that shifts do oceur 
early following reconstitution of heparinized deglycerolized blood. This aspect 
of the problem is under investigation since it is just this blood which should 
possess a normal oxyhemoglobin dissociation pattern at all times in view of 
its use in pump-oxygenator perfusions. Although the shift appears to be 
rapidly correctable once the blood is infused in the body, elimination of the 
effect would be desirable. At the present time, our washing solutions in the 
deglycerolization phase are designed to bring heparinized blood to a pH of 
7.10, comparable to that of acid-citrate-dextrose blood. This pH has been 
shown to give maximal survival of red cells when blood is stored at 4° C. 
The use of large volumes of heparinized deglycerolized blood at this pH in 
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extracorporeal perfusions has not resulted in serious body acid-base disturbances 
but we would prefer to have our wash solutions adjusted in the future to allow 
for a more physiologic pH early during a perfusion. There is no necessity 
for keeping heparinized deglycerolized blood at a pH of 7.1 since it is not 
stored for long periods of time after reconstitution and hence should not 
necessarily meet the requirement of acidity indicated for reconstituted acid- 
citrate-dextrose blood. This latter blood after reconstitution is kept for days 
at 4° before conventional transfusion therapy while reconstituted heparinized 
blood is withdrawn from the freezer and used promptly on reconstitution. 
As a consequence, our present investigations are aimed at (a) adjusting final 
washing solutions in the deglycerolization phase to bring the thawed deglycerol- 
ized blood to a pH of 7.4, and (b) to inerease the sodium chloride content of the 
washing solutions just sufficiently to eliminate the Valtis-Kennedy shift ob- 
served for frozen heparinized blood. It is hoped that the latter maneuver 
will eliminate the shift without producing serious derangements of plasma 
electrolyte concentrations in the final reconstituted blood package. The ability 
to perform these various adjustments easily and without loss of blood sterility 
is a great advantage of the glycerolization freezing process. 


SUMMARY 


1. Blood treated with glycerol and stored for prolonged periods of time 
at —80° C. may be used as a suitable medium for pump priming and _ trans- 


fusion in cardiovascular surgery. The glycerolization process requires the 
separation of cells from plasma and addition of glycerol to the cell fraction 
in a modified Cohn fractionator. 


2. Blood collected in acid-citrate-dextrose solution and preserved at —80° C. 
for up to 31 months demonstrates no deviation of oxyhemoglobin saturation 
eurve comparable to that which has been demonstrated for fresh acid-citrate- 
dextrose blood stored at 4° C. beyond 7 days by conventional blood banking 
techniques. 

3. Blood collected in heparin-saline solution, glycerolized, and frozen shows 
a significant shift of the oxyhemoglobin dissociation curve to the left when 
reconstituted after 4 to 210 days’ storage. On infusion of such blood into a 
patient as a total blood volume replacement, the shift is corrected in less than 
1 day. Similar shifts induced by total blood volume replacement with bank 
ACD blood stored over 13 days at 4° were not corrected completely at the end 
of 4 days. 

4. The rate of exchange of oxygen and earbon dioxide in a pump-oxygenator 
is the same for deglycerolized heparinized blood as for fresh heparinized blood. 

5. Studies are in progress to adjust the technique of cell washing so that 
the addition of sodium chloride to the reconstituted heparinized blood will 
eliminate the oxyhemoglobin dissociation shift. 


Lt. (jg) John W. Zemp collaborated with us and performed many of the analyses 
reported. We are also indebted to Capt. Lewis L. Haynes, Chief of Surgery, U. S. Naval 
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Hospital, Commander Mary V. Sproul, and Dr. James L. Tullis and associates (of the 
Protein Foundation, Inc.) for encouragement and advice. They are not responsible for any 
errors noted by the reader. This work would not have been possible without the assistance 
of J. A. Cavins, Lt. (MC) USNR, and the prolonged labor by our technicians in the 
Preservation Laboratory, B. C. Sutherland HM-2, USN, M. Bethea, HMC USN, and our 
pump technicians, Mr. Ralph Sommers and Mr. Joel Johns. 
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THE RELATIONSHIP OF THE SYMPATHO-ADRENAL SYSTEM 
TO POTASSIUM FLUX AND CARDIAC IRRITABILITY 
INDUCED BY ALTERATIONS IN BLOOD pH 


Bernard Goott, M.D. (by invitation ), ]. C. Rosenberg, M.D. (by invitation), 
Richard C. Lillehei, M.D., and Fletcher A. Miller, M.D. (by invitation), 
Minneapolis, Minn. 


_ experiments in this laboratory have indicated that rapid reversal 
of the arterial pH to normal after prolonged inhalation of carbon dioxide 
has a far more deleterious effect upon cardiac function in the dog than the 
antecedent acidosis. 2 Arrhythmias thus invoked frequently culminate in 
ventricular fibrillation, a sequence of events which may have a counterpart 
in clinical cases of unexplained cardiac arrest.’ * Data will be presented herein 
demonstrating that during this critical period a rapid loss of myocardial 
potassium and a significant diminution of plasma levels of circulating eatechol- 
amines occur. 

During hypercapnia there is a gradual rise in the levels of serum potassium, 
phosphorus, and glucose with a concomitant drop in the level of ultrafiltrable 
calcium. In the immediate post-hypereapniec period, instead. of the normal 
relationship of these ions being restored, there is a further divergence, the 
ratio of calcium to potassium dropping to one third of the control. This 
critical period has a temporal relationship to the onset of arrhythmias and 
fibrillation, which may, however, be prevented by measures designed to maintain 
a normal ratio of ion concentrations.® 

The knowledge that levels of catecholamine in plasma are elevated during 
respiratory acidosis, along with our previous demonstration that epinephrine 
administration prevented post-hypereapnie ventricular fibrillation,’ suggested 
to us that the rapid changes in ion concentration when the blood pH is suddenly 
advanced to normal might be associated with a drop in circulating catecholamine 
levels. This stimulated further investigation concerning the relationship of the 
sympatho-adrenal system to the fluctuations in ion concentration that occur with 
changes in pH and/or carbon dioxide tension. 


From the Department of Surgery, University of Minnesota, and Mount Sinai Hospital Jay 
Phillips Research Laboratory, Minneapolis, Minn. 

This study was supported by grants from the Hartford Foundation and the Minnesota 
Heart Association. 

Read at the Fortieth Annual Meeting of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 1960. 
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METHOD 
The following groups of experiments were carried out on healthy mongrel dogs. 


Group I.—In 7 dogs, simultaneous sampling of potassium levels in arterial and coronary 
sinus blood were performed during respiratory acidosis and in the critical post-hypercapnic 
period, plus analysis of plasma epinephrine and norepinephrine during the same period. 


Group II.—In 14 dogs, measurements of potassium were carried out as in Group I, 
except that these animals were treated with either epinephrine or norepinephrine in the im- 
mediate post-hypercapnic period. 

Group III.—In this experiment, arterial and coronary sinus potassium levels were 
measured in 13 normocapnic dogs following rapid intravenous administration of epinephrine 
or norepinephrine in a dosage sufficient to produce arrhythmias (8 micrograms per kilogram 
of body weight). 

Group 1V.—In this series of 8 dogs, the experiments were similar to Group III, save 
that the liver was excluded from the circulation by clamping the hepatic artery and portal 
vein prior to administration of the catecholamines. 

Group V.—This consisted of the measurement of arterial potassium levels during 
the inhalation of 30 per cent carbon dioxide in oxygen in a series of 8 adrenalectomized dogs. 

The standard experimental technique of inducing ventricular fibrillation following 
respiratory acidosis, as described previously, was employed.2 In addition, in each animal a 
cardiac catheter was inserted into the coronary sinus via the jugular vein under fluoroscopic 
control. The position of the catheter was subsequently checked at autopsy. Simultaneous 
samples of arterial and coronary sinus blood were obtained at appropriate intervals for 
potassium analysis. Electrocardiographic and blood pressure tracings were recorded inter- 


mittently. 
Plasma catecholamines were measured by the technique of Weil-Malherbe and Bone.? 


TABLE I, PLASMA CATECHOLAMINE LEVELS DURING INHALATION OF CARBON DIOXIDE AND IN 
THE IMMEDIATE POST-HYPERCAPNIC PERIOD 








ACIDOSIS | POST-ACIDOSIS 


15 MIN. | 2 HOURS | 4 HOURS | 
CONTROL | CO,(30%) | CO.(30%) | co,(40%) | 3 MIN. 8 MIN. 











Epinephrine 
(microgram/L.) (mean) 0.29 1.51 2.06 5.44 1.35 3.20 
Standard error +0.1 +0.53 +0.38 +1.06 +0.45 +0.98 


Norepinephrine 
(microgram/L.) (mean) 2.09 4.41 5.08 9.40 5.80 5.68 
Standard error +0.2 +0.62 +0.55 +1.01 +0.95 +0.97 


Blood pH (mean) 6.73 7.39 
Standard error +0.01 +0.03 





RESULTS 


Group I—The results in this group are summarized in Fig. 1. It can 
be seen that, as the dog inhales carbon dioxide, the potassium level gradually 
rises in both the arterial and coronary sinus blood, but there is no significant 
difference between these two sites. After 4 hours on carbon dioxide the pH 
has dropped to 6.7 and the potassium levels in the arterial and coronary sinus 
samples are almost identical. In the immediate post-hypereapniec period there 
is a definite rapid rise of the potassium in both systems; however, the coronary 
sinus samples were consistently higher by an average of 1.5 mEq. per liter. 
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The epinephrine and norepinephrine titers during this same period are sum- 
marized in Table I. <A gradual rise in both of these substances occurs through- 
out the period of acidosis, particularly when the animal inhales 40 per cent 
carbon dioxide. This is in complete agreement with data previously reported 
by Nahas.* In the post-hypereapnie period, at the identical time when the 
potassium divergence described in Fig. 1 is maximal, these levels dropped 
precipitously. 


A CORONARY SINUS 


POTASSIUM MEQ/ LITER 











5 8 
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Fig. 1.—This graph illustrates changes occurring in the levels of potassium in arterial 
and coronary sinus blood during respiratory acidosis and in the immediate post-hypercapnic 
period in a series of 7 dogs. The negative arteriovenous difference in the post-hypercapnic 
period occurred consistently in all of the experiments. The difference ranged from —0.7 to —2.7 
mEq./L. at 3 min. and from —0.7 to —3.0 mEq./L. at 8 min. 
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Fig. 2—This graph illustrates the average effect on potassium levels in a series of 
7 experiments when epinephrine is administered in the post-hypercapnic period. The virtual 
elimination of the negative arteriovenous difference that occurs in control dogs during this 
period was a consistent finding in all these experiments. The difference ranged from —-0.5 to 
+3.5 mEq./L. at 3 min. and from -1.3 to +0.5 mEq./L. at 8 min. Similar results were obtained 
in a series of 7 dogs when norepinephrine was administered during this period. 


Group II—When epinephrine or norepinephrine is administered in the 
post-hypereapnie period continuously intravenously, at a rate sufficient to 
maintain (adequately) the systemic blood pressure, the serum potassium rises 
but divergence of the potassium levels does not occur; this is demonstrated 
in Fig. 2. The arrhythmias seen in this period are more typical of an epineph- 
rine effect and generally rapidly revert to normal. 
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Group III.—Fig. 3 illustrates the changes that occur in the levels of arterial 
and coronary sinus potassium when either epinephrine or norepinephrine in a 
dose of 8 micrograms per kilogram is rapidly administered to normocapnic 
dogs. There is a biphasic effect with arterial potassium rising more rapidly than 
that of the coronary sinus to reach peak levels at 1 to 1144 minutes and then 
dropping gradually below the coronary sinus levels. It is of interest that, 
although the peak in arterial potassium occurs at 60 to 90 seconds, the greatest 
arteriovenous difference occurs earlier and is associated with severe arrhythmias. 

Group IV.—Exclusion of the liver from the circulation by the method 
deseribed does not prevent the arrhythmias following infusion of epinephrine 
or norepinephrine despite the fact that there is no rise in potassium levels or 
any major arteriovenous difference, as illustrated in Figs. 4 and 5. 

Group V.—Adrenalectomy did not prevent the arterial potassium rise in 
dogs breathing 30 per cent carbon dioxide for 1 hour. The dogs were intolerant 
of higher carbon dioxide levels or more prolonged periods of exposure. 
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. Fig. 3.—This graph illustrates the average changes that occur in the levels of potassium 
in arterial and coronary sinus blood when epinephrine was administered to a series of 13 
normocapnic dogs in a dosage of 8 micrograms per kilogram of body weight. This biphasic 
effect was a consistent finding and could also be produced by administration of norepinephrine. 
The arteriovenous difference was usually greatest at 30 seconds and ranged from +0.7 to +3.5 
mEq./L. for epinephrine and from +0.5 to +2.0 mEq./L. for norepinephrine. 


DISCUSSION 


Dogs inhaling high concentrations of carbon dioxide exhibit a gradual, 
although significant, sustained rise in blood levels of potassium, epinephrine, 
and norepinephrine. Tenney® has suggested that the serum potassium elevation 
is the result of release from the liver following sympatho-adrenal stimulation. 
However, since we were able to demonstrate an elevation of the serum potassium 
in the adrenalectomized animals, it must be presumed that this hepatic response 
ean be triggered by stimuli other than the catecholamine release from the adrenal 
glands. 

Fenn”? postulates that, with the inhalation of high concentrations of carbon 
dioxide, large quantities of potassium are released from the liver, sufficient to 
raise serum levels over and above a shift of potassium into the tissues, which 
he believes oceurs under these conditions. The absence of any significant arterio- 
venous divergence during the inhalation of carbon dioxide, as shown in Figs. 1 
and 2, should not necessarily be construed as indicating lack of myocardial 
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potassium uptake, for Brown" has recorded markedly increased rates of coro- 
nary flow during this period; such an increase in flow could diminish the 
potassium differential below the range of analytical accuracy. 

The post-hypereapnie period is characterized by a negative arteriovenous 
difference in potassium levels. This represents a rapid directional flux of 
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Fig. 4.—This graph illustrates the effects of epinephrine on arterial and coronary sinus 
potassium after exclusion of the liver from the circulation. Dosage 8 micrograms per kilogram. 
Average of eight experiments. Arterial potassium does not rise and the arteriovenous difference 
remains within the range of analytical error and ranges from +0.2 to +0.8 mEq./L. 
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Fig. 5.—This illustration shows the effect upon the electrocardiogram of epinephrine (16 
micrograms per kilogram of body weight) after exclusion of the liver from the circulation. 
Arterial and coronary sinus potassium levels are shown. 


potassium from the myocardium immediately prior to the development of 
ventricular fibrillation. In addition, a precipitous fall in levels of catechol- 
amine occurs during this critical phase. 

Since epinephrine or norepinephrine administration during the critical 
post-hypereapnic period protects against ventricular fibrillation, it is of added 
significance that these substances, as shown in Fig. 2, will also prevent the 
rapid loss of myocardial potassium that normally occurs in the posthypereapnic 
period. In fact, in some dogs, administration of these drugs effected a reversal 
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to a positive difference. In normocapnie dogs, epinephrine and norepinephrine 
regularly caused a positive arteriovenous difference as shown in Fig. 3, in- 
dicating an uptake of potassium by the heart. We were not able to demonstrate 
such uptake of potassium after exclusion of the liver from the circulation. 


In conclusion we are advancing the hypothesis that the development of 
ventricular fibrillation in the post-hypereapnie phase may be due to a very 
rapid loss of potassium from the myocardium incident to a drop in plasma 
catecholamine levels, and that epinephrine or norepinephrine protects the heart 
under such conditions by preventing this rapid potassium flux. Our data indi- 
eate that the rapidity of loss of myocardial potassium is more important in 
initiating the fibrillation than the mere rise of serum potassium in the circulat- 
ing blood. 


SUMMARY 


1. During respiratory acidosis there is a rise in the potassium levels in 
both arterial and coronary sinus blood. There is no significant difference in 
these levels while acidosis is maintained but, in the immediate post-hypereapnic 
period, there is a further rapid rise in these levels, that of the coronary sinus 
being much higher which indicates loss of myocardial potassium. This period 
of significant arteriovenous difference has a temporal relationship to severe 
eardiae arrhythmias. 

2. Plasma levels of epinephrine and norepinephrine are elevated during 
respiratory acidosis. The post-hypereapnic period is associated with a pre- 
cipitous drop in the previously high levels. This too has a temporal relationship 
to the arrhythmias occurring at this time. 

3. The administration of epinephrine or norepinephrine to normocapnic 
dogs has a biphasic effect on myocardial potassium flux. 

4. Exclusion of the liver from the circulation prevents the rise in levels of 
potassium that result from the administration of epinephrine or norepinephrine, 
but does not necessarily prevent arrhythmias. Significant arteriovenous differ- 
ences in potassium levels were not detected by the method employed. 

5. The administration of epinephrine or norepinephrine ‘n the post-hyper- 
eapnie period eliminates the negative arteriovenous difference in levels of 
potassium and prevents the occurrence of ventricular fibrillation. 
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DISCUSSION 


(PAPERS BY RoE [PAGE 561], Munoz [PAGE 568], McCauGHAN [PAGE 574], MEREDITH 
[PAGE 582], MouLpEeR [PAGE 588], MCLAUGHLIN [PAGE 602], O’BRIEN [PAGE 611], Goorr [PAGE 
625], AND THEIR ASSOCIATES) 


DR. FREDERICK 8S. CROSS, Cleveland, Ohio.—In the process of developing a sub- 
coronary aortic valve prosthesis, Drs. Gerein, Richard Jones and I have gone off on the 
tangent of developing a single leaflet type prosthesis. Certainly, there are clinical instances 
when this will be entirely satisfactory, if not preferable to replacing the entire aortic valve. 

Our work has been divided into the proper design of the leaflet, and techniques of 
insertion. The leaflet that we have been using is constructed over a cast of the sinus 
of Valsalva area, utilizing particularly the noncoronary cusp. It consists of a backing of poly- 
urethane, to which is sutured, at the present time, pericardium either as a single or 
double layer. The leaflet is rather easily inserted through a longitudinal incision. A single 
suture is placed to anchor the apex with an instrument remarkably similar to the one 
described by Dr. Roe. A layer of continuous sutures is then placed across the top edge 
of the backing. 


[Slide] From this slide showing the valve in systole, it can be seen that the prosthetic 
pericardial leaflet is remarkably similar in the way it ‘‘floats’’ open to the normal valves. 
In reviewing the movies of valve function, it is difficult to distinguish the prosthetic cusp 
from the normal ones if one does not see the suture line shown here. 

[Slide] This slide shows the leaflet to be perfectly competent during diastole. The 


competency of the valve after placement of the prosthetic monocusp has been checked 
with aortic pressure tracings. 


[Slide] Unfortunately, the pericardium does not hold up well, and there is an early 
deposit of fibrin at the point of its contact with the other valve leaflets, which in a period 
of about 60 hours ends up looking like this. 

Now, as I said, although the materials that we have are not entirely satisfactory, 
I think the design of the leaflet is good, and the future of this work lies in the utilization 
of other natural tissues, such as segments of vein, rather than pericardium, and in the 
development of complete plastic leaflets and entire aortic valves utilizing this basic design. 


DR. CHARLES A. HUFNAGEL, Washington, D. C.—Dr. Potts once said that if a 
man once has an idea that he thinks is really new, that he will love it like a son forever, 
even though it turns out to be a moron. (laughter) I hope this is not necessarily true, 
in that we have always continued our interest in aortic valve replacement, and our interest 
has been in doing this in the normal aortic position. We have accomplished aortic valve 
replacement both in terms of single cusp replacement, multiple cusp replacement, and single 
unit valve replacement. 


[Slide] With the advent of new approaches to the aortic diseases we have developed 
the method of cardioplegia produced by local cold alone. We have now almost 100 patients 
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with periods of cardiac arrest ranging from 30 minutes to an hour and 40 minutes with 
no instance of difficulty—major difficulty—in resuscitation. Most of these patients have 
had some form of aortic valve surgery, and approximately 50 have had replacement of 
either one or more cusps. 

The mortality rate in this group has been approximately 28 per cent over-all, and in 
the last 20 patients it has been less than half of this figure. None of these fatalities has 
been due to failure of the heart to resume a satisfactory beat. 

This shows one of the types of cusp which is currently in use and which seems to 
be highly adaptable. 


[Slide] This is a valve composed of a Dacron cusp which is impregnated with silicone 
rubber. The self-sealing feature of this cusp necessitates only a few sutures at the base, 
and healing occurs into this edge of the self-seal whici is cloth alone. Tissue does not grow 
into this but into the leaflet itself, and this preserves the elasticity of the leaflet. 


[Slide] It has been our impression experimentally that when tissue grows into a 
cloth leaflet, it stiffens, and we have had to reoperate upon 1 patient because of this 
stiffening. This is the cloth, impregnated with rubber. 


[Slide] This shows another view of the same thing. 


[Slide] This is a more sophisticated version of this for the noncoronary cusp with 
a stape in the cusp edges. This makes fixation extremely rapid. We have usually placed 
the cusps in the coronary cusp by using sutures as Dr. Roe described in his beautiful 
presentation of this total valve replacement. , 

It seemed to us that the annulus of the aorta is still a scalloped curve, and we strongly 
believe that the base of the artificial valve or cusp must also follow this curve. This area is 
the true annulus which is tremendously tough, and which holds sutures well. When one tries 
to follow a constant single plan, one must either enter myocardial fiber or aorta, and the 
tissue adjacent to the annulus of the aorta is soft. 

[Slide] This shows a further adaptation on account of the sealing. The three cusps 
are a single unit, and this also utilizes the single principle of what we have termed a self-seal, 
which minimizes the use of a housing. This is a highly functional total valve replacement 
with which we are highly gratified. 


DR. ROBERT W, OLWINE, Boston, Mass.—While considering possible methods for 
extraction of calcium deposits from diseased heart valves, Dr. Watkins and I thought of 
applying the principle of the Stryker cast cutter in shattering rigid plaster without dis- 
turbance of soft dressings and tissue. We found that a 26,500 eycle ultrasonic sound 
probe applied directly to autopsy specimens of calcified valves efficiently shattered and 
extracted the calcified concretions. 

We thought, however, it was necessary to determine exactly what damage might 
occur to adjacent soft tissue. The ultrasound probe was applied directly to the septal 
leaflet of a number of normal dog tricuspid valves. Immediately after application of the 
ultrasound probe, petechiae were seen on the valve cusp. This specimen shows a valve 
that was treated approximately 35 days prior to sacrifice, demonstrating an organized 
hematoma on the valve cusp. The cusp is becoming sclerotic. 

This slide shows a lesion that is approximately 86 days old, demonstrating consider- 
able sclerosis and thickening of the valve cusp. 

This is another specimen at 77 days [slide] and shows essentially the same changes. 

The essential histologic pattern is that of a rather bizarre, loose, fibrous structure 
somewhat myxomatous in nature within the valve cusp substance. 

It is also interesting to note that there is no apparent damage occurring to the 
conduction system or to the aortic valve directly opposite the point of ultrasound appli 
tion. 
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We would like to emphasize that there are certain dangers associated with some 
of the techniques that are being used for extraction of caleium concretions from valves. 
We might have, in ultrasonic sound, a useful tool for the experimental production of 
valvular lesions permitting subsequent study of the hemodynamic changes occurring in 
hearts which have had a chronic lesion closely resembling that of rheumatic heart disease. 


DR. DON R. MILLER, Kansas City, Kans.—In Dr. Allbritten’s absence I would like to 
bring attention to the blood phase which, in addition to the gas permeability of the mem- 
branes, appears to be important in the oxygen uptake by blood in membrane oxygenators. 


[Slide] We have been working in the laboratory using a membrane device of basic 
design similar to the Clowes oxygenator, but which utilizes simplified supported Silastie mem- 
brane bags in which are incorporated features to induce mixing within blood films and to 
control thickness of blood films. One of the bags is shown in this slide. 

Basic studies by Thomas Marx of the Midwest Research Institute, designer of this 
oxygenator, indicate there is laminar flow in conventional models of membrane oxygenators 
and a static layer of blood [slide], which is depicted rather simply here, adheres to the 
surface of the membrane and acts as a barrier to the uptake of oxygen by the blood not in 
immediate contact with the membrane. 


[Slide] The advancing interface between saturated and unsaturated blood has been 
photographed in this static blood film experiment in which blood in a diffusion cell separated 
from oxygen by this membrane was observed through a Lucite plate. This static layer in- 
creases the distance through which oxygen must diffuse before reaching the unsaturated 
blood. The introduction of internal flow obstructions to produce turbulence within the blood 
film has resulted in greater oxygen uptake, even with thicker blood films than those used in 
the laminar flow experiments. 

Other changes which theoretically should increase oxygen uptake in the blood phase, 
but which are more difficult to accomplish in a membrane oxygenator, are greater velocity to 
decrease the thickness of the static layer and thinner blood films to decrease the length of 
the oxygen diffusion path. 


DR. PAUL F. WARE, Worcester, Mass.—I would like to present very briefly, if I may, 
one other method of getting at this problem, particularly for those of us who perhaps are 
only occasional members of perfusion groups and must use every parameter we possibly 
ean for safe monitoring. 

[Slide] We have been using in the laboratory and also clinically a type of reflection 
oximeter developed by Dr. M. Polanyi of the American Optical Company and tested by Hehir 
in the chemistry laboratories of the St. Vincent Hospital. 

Now, it’s very difficult to use a spectrophotometric method, because we do destroy 
samples. The method is lengthy, and it doesn’t give us the information we need in the course 
of perfusion. Originally, Zijlstra did produce a reflection oximeter, and this was further 
developed by Rodrigo. They used, however, only one wave length, and this type has had 
very little application clinically. 

In our type of oximeter two wave lengths are utilized. It is an absolute oximeter. 
You can use it with either dog blood or human blood, and you do get a practically in- 
stantaneous recording. Other virtues are that it is independent of hemoglobin content, 
oxygen saturation, or temperature. 

[Slide] Just briefly, this is a simple tungsten lamp at this point, cuvette, and blood 
sample. There is an angle of 135 degrees here, and the density of the blood is reflected 
back. There are interference filters here which make the blood density concentrate in a very 
narrow wave length back on the photo cell. 

[Slide] Utilizing these two wave lengths, we then can prove that the light, diffusely 
reflected by an unhemolyzed sample, is correlated with the oxygen saturation. You choose 
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wave lengths, such as has been done here, to give a maximum difference between the extinction 
coefficients of oxyhemoglobin and reduced hemoglobin. 

Utilizing this present instrument with these wave lengths, you don’t have to worry about 
the intensity of the incident light. You don’t have to think about the geometry of your 
arrangement, and the difference between individual blood samples doesn’t enter into your 
ealibration. 

This slide simply shows that the ratio of light reflected by a nonhemolyzed blood sample 
is a linear function of the oxygen saturation. 


[Slide] This is simply to show how small an arrangement in space is actually neces- 
sary. This is a standard pump-oxygenator, Olson type. One can run a small line off the 
arterial line—also off the venous line—run it through the oximeter; one simply pinches the 
tubing for a few seconds and takes a reading. This gives you an instantaneous recording of 
what the actual venous or arterial oxygen saturation is. We have found this very convenient 
for use clinically. 


DR. WILLIAM H. LEE, JR., Charleston, S. C.—The departments of surgery and 
pharmacology at the Medical College of South Carolina also have been interested in these 
observations of the rebound arrhythmias which occur following periods of acidosis. I just 
wanted to bring up the fact that other stimuli besides hypercapnia can set off the same 
reaction. : 

[Slide] For example, in this slide, which shows the- epinephrine and norepinephrine 
levels which occur following azygos flow—this is used to produce a situation with a hypoxic 
or ischemic acidosis, and during the 10-minute phase of reduced (azygos) flow, one sees a 
fairly marked depression in cardiac contractile force, despite a marked increase in the 
concentration of norepinephrine and epinephrine. 

In this instance, following the azygos flow period, there is a rather marked rebound. 
In this particular group of experiments, we found that there is a direct relationship between 
the contractile force of the heart and the concentration of these two substances when the 
pH is sufficiently high to allow the heart to respond to this stimulation—that is, in the 
range of 7.3 or above. 

[Slide] This is a similar experiment which shows the azygos flow preparation, again 
with marked rebound in the middle tracing (contractile force). Sometimes the catecholamine 
levels may be one hundred times the control levels. 


[Slide] The same situation occurs here—again a rebound—except that it is produced 
by an unusually low flow rate during cardiac bypass (20 ¢.c./Kg./min.) rather than by 
azygos flow. 


[Slide] Concerning the infusion of epinephrine, this slide demonstrates the inability 
of the heart to respond to arterenol stimulation during acidosis, whether it be hypercapnic or 
metabolic, produced by ischemic flow rates. The arterial pH during azygos flow is noted 
to be high. After the venae cavae are released, there is a marked rebound in cardiac 
contractile force and a fall in arterial pH with an associated decrease in responsiveness to 
arterenol stimulation. As the cardiac output and tissue perfusion returns to normal, the 
pH progressively rises and the response to arterenol injection returns to control values. 
During this latter phase, an increased irritability of the heart has been observed. 

This slide shows the effect of rapid arterenol infusion. The infusion of arterenol, 
in itself, may produce a metabolic acidosis, as one sees the pH values begin at 7.6 and 
drop down to 7.26, after 105 minutes of the perfusion. 





BRONCHOSCOPY AND BACTERIEMIA 
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r THE ROUTINE diagnosis and treatment of pulmonary disease, bronchoscopy 
is an essential and commonplace adjunct. Facility in the technique of 
bronchoscopy is one of the earliest skills acquired by the thoracie surgical 
resident and its use is normally attended by little immediate mortality or 
obvious morbidity. Nevertheless, the post-bronchoscopie course of many patients 
is frequently marked by the appearance of a mild fever of 1° to 3° F. which 
occurs about 4 hours following the procedure, lasting perhaps 24 hours, and 
often passing unnoticed. The etiology of this fever has heretofore been a subject 
of speculation and has been variously ascribed to one or more of these mecha- 
nisms: (1) retention of secretions from depression of the cough reflex and in- 
hibition of ciliary motility due to preoperative sedation and to the anesthesia 
employed; (2) the implantation of pyogen-laden seeretions into previously 
uninfected parts of the lung; (3) auto-tuberculinization, or the host’s response 
to the foreign protein presumably liberated from traumatized organisms; and 
(4) autoreaction of the host to blood liberated from bronchoscopic trauma to 
the endobronchial mucosa. 

In a tuberculosis hospital most bronchoseopies are performed just before 
operation, after prolonged antituberculous chemotherapy, to verify the absence 
of active endobronchial disease. Nearly all of these patients have clean, dry, 
tracheobronchial trees, with stable, nonexudative disease, and the bronchoscopy 
is usually easy, swift, and relatively atraumatic. Indeed, the incidence of an 
intrabronchial pathologie condition is so low that the need for bronchoscopy 
has been seriously questioned.** Thus, it seemed to us that the accepted and 
time-honored explanations for the post-bronchoscopy fevers were not pertinent 
to most of our patients. Because fever aceompaning endoscopy by other routes, 
particularly urethral, is known to be related to transitory bacteriemia, we under- 
took to determine whether the fevers associated with bronchoscopy might have 
their origin in the dissemination of blood-borne bacteria. 


From the Department of Surgery, University of Pittsburgh School of Medicine, Pittsburgh, 
Pa. 

Read at the Fortieth Annual Meeting of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 1960. 

*Teaching Fellow in Thoracic Surgery. 

**Krom the Glenn Dale (Tuberculosis) Hospital, Glenn Dale, Maryland. 
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PROCEDURE 


A total of 52 patients undergoing bronchoscopy, 50 with tuberculosis and 
2 with bronchogenic carcinoma, were studied as follows: careful records of the 
state of their disease and previous antibiotic therapy were kept. The daily 
temperatures for the week preceding, and on the morning of, bronchoscopy 
were recorded. <A rectal temperature was taken upon the patient’s return to 
the ward, 2 hours later, then every 6 hours for 2 days. During bronchoscopy 
the presence or absence of endobronchial inflammation, purulent secretious, 
and traumatic bleeding was noted. In all eases, 5 per cent topical cocaine 
anesthesia was used. The sputa or gastrie washings of all patients except | 
were repeatedly negative on culture for tubercle bacilli before bronchoscopy 
but acid-fast bacilli were present in smears of 2. One patient yielded organisms 
both on smear and culture. The disease was radiographically stable in all 
cases. 

After preparing the skin with 70 per cent alcohol and tincture of iodine, 
15 ¢.c. of venous blood was drawn for eulture just before, 10 minutes after, 2 
hours after, and 4 hours after bronchoscopy. If a fever of 1° F. or more oe- 
curred at any time within the next 2 days, blood. was drawn again for culture. 
Duplicate blood samples of 5 ¢.c. each were inoculated into sterile, 8 0z., serew- 
top bottles containing a trypticase-agar slant and 50 e¢.c. of trypticase-soy broth. 
Cultures were grown under aerobie and anaerobie conditions and inspected twice 
daily for 21 days. For cultures of the tubercle bacillus, blood was inoculated 
into agar, Dubos, and oleic acid media (two parts blood and eight parts medium) 
and inspected twice daily for 10 days. Where growth was noted, transplantation 
was done to thioglyeolate broth, methylene-blue agar, inulin agar, mannitol 
broth, and 7.5 per cent sodium chloride brain-heart infusion broth. If, at the 
end of 21 days, no growth was noted the trypticase-soy broth was centrifuged, 
a smear made, and stained with Gram’s stain. If organisms were seen on the 
smear, the sediment was subeultured. At the end of 10 days, all the blood 
from each patient’s combined samples for tubercle bacilli was pooled, digested 
with sodium hydroxide and hydrochloric acid, centrifuged, and smears were 
prepared and stained for acid-fast bacilli with carbolfuchsin stain. 

Of the 52 patients studied, none was found by bronchoscopy to have puru- 
lent seeretions and none was febrile before or at the time of bronchoscopy. 
Mild abrasion of the bronchial mucosa with a little bleeding oceurred with 2 
patients. 

Although it is recognized that nonhemolytie staphylococci can produce 
sericus disease, positive blood cultures containing these organisms were excluded 
from this series because they are common contaminants. To be acceptable, all 
staphylococci were required to exhibit hemolysis and to grow in a 7.5 per cent 
sodium chloride brain-heart infusion medium. 


RESULTS 


Twenty-four (46 per cent) patients had 1° to 3° F. of fever beginning 4 
hours after bronchoscopy. No significant fever was detected earlier than 4 
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hours after the procedure. Six patients had fever lasting more than 6 hours 
and in 3 of these the fever persisted for 24 hours. Of the 24 patients with fever, 
8 (33.3 per cent) produced positive blood cultures. No positive blood cultures 
were found in samples collected before bronchoscopy and no positive cultures 
during or after bronchoscopy were obtained from nonfebrile patients. The fol- 
lowing bacteria were isolated from the blood: 2 patients had gamma strepto- 
cocci, 3 patients had Streptococcus viridans, 2 patients had hemolytie Staphylo- 
coccus albus, and 1 patient had both Streptococcus viridans and Escherichia coli. 
All organisms grew under aerobie conditions with the exception of one of the 
gamma. streptococci which was an anaerobe. All cultures yielded moderate to 
heavy growth. One positive blood culture was cbtained during bronchoscopy, 
five were obtained 2 hours following bronchoscopy, and two were obtained 4 
hours after the procedure. Although 6 patients had fevers lasting more than 
6 hours after bronchoscopy, no positive cultures were grown from later speci- 
mens. No cultures positive for tuberculosis were found in any of the samples. 
It is conceivable that with larger and more frequent sampling a higher per- 
centage of positive cultures might have been obtained. 


DISCUSSION 


It has been well established that bacteriemia may be induced by dental or 
urological manipulation.* 1} 17> Okell and Elliott’? observed a transient bac- 
teriemia (preponderantly the alpha streptococcus) following dental extraction 
in 72 per cent of patients with oral infections and in 32 per cent of those with- 
out obvious sepsis. Burket and Burn? demonstrated the dental origin of the 
bacteriemia by implanting a nonpathogen (Serratia marcescens) around the 
teeth and then recovering it from the blood stream following intra-oral manipula- 
tion. The same phenomenon has been observed by Elliott® after tonsillectomy. 
The incidence of bacteriemia following transurethral prostatic resection, as re- 
ported by Merritt,* and by Creevy and Feeney* ranges from 12 to 45 per cent. 
Cystostomy, cystoscopy, and urethral catheterization have all been responsible 
for inducing not only transient bacteriemia but also subacute bacterial endo- 
earditis.© The causative organisms in these cases is usually the enterocoecus 
(a variety of streptococcus), the Friedlander’s bacillus (Klebsiella pneumoniae), 
“scherichia coli, or Pseudomonas aeruginosa. Bacteriemia and endocarditis have 
been known to follow hemorrhoidectomy, and MeCoy and Mason® have reported 
it in conjunction with carcinoma of the sigmoid colon. Unterman, Milberg, and 
Kranis'* have suggested an association between sigmoidoseopie examination and 
subsequent bacteriemia. 


The mouth and pharynx notoriously abound with bacterial flora but as one 
advances in an aboral direction, the bacterial population diminishes sharply 
until by the time the bronchi and lungs are reached, as Pecora and Yegian™ 
have shown, cultures are usually sterile, even in chronic lower respiratory tract 
disease. Expectorations and bronchial aspirates frequently represent merely 
the flora of the mouth and pharynx. The most common organisms in these areas 
are the staphylococci, streptococci, Neisseria, and coliforms, and these organisms 
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are precisely the cause of 95 per cent of all cases of bacterial endocarditis.® 
During normal activity, such as chewing, tooth brushing, and probably defe- 
cating, bacteria apparently enter the blood stream, having, in fact, been cul- 
tured from the blood of normal individuals,* with little or no apparent harm. 
However, bacterial endocarditis seldom occurs in a previously normal heart® 
although it can be induced experimentally in subjects with normal hearts by 
repeated intravenous injection of nonhemolytie streptococci.**? In patients with 
acquired or congenital valvular disease, on the other hand, bacteriemia is a 
serious threat. 

The majority of patients undergoing bronchoscopy appear to suffer few 
immediate ill effects from it. But the onset of bacterial endocarditis is insidious 
and may escape clinical detection, particularly in the presence of other con- 
comitant disease. Despite the availability of curative antibiotics, bacterial endo- 
carditis is lethal in about 25 per cent of all cases and the threat is greatest in 
the older age groups. This present study suggests that prophylactic antibiotic 
treatment and attention to oral hygiene is indicated prior to bronchoscopy in 
all patients with rheumatic or congenital heart disease for these are most sus- 
ceptible to bacterial endocarditis. For patients with’ valvular heart disease, the 
American Heart Association now recommends the administration of 600,000 
units of aqueous penicillin and 600,000 units of procaine penicillin 30 minutes 
before dental extraction and it would appear reasonable to extend this practice 
to those patients undergoing bronchoscopy. Also, because of the increasing 
incidence of organisms not sensitive to penicillin, the additional use of a wide- 
spectrum antibiotic is suggested. 


CONCLUSION AND SUMMARY 


1. Approximately 50 per cent of a series of patients undergoing bronchos- 
copy responded with a fever of 1° to 3° F. beginning about 4 hours after the 
procedure. 

2. Of these, 33.3 per cent were shown to have suffered a transitory bac- 
teriemia. 

3. The organisms isolated were the alpha and gamma streptococci, hemolytic 
Staphylococcus albus, and Escherichia coli. 

4. The danger of bacteriemia in patients with congenital or rheumatic 
cardiovalvular disease is stressed. 

5. A program of oral hygiene and antibiotic prophylaxis is urged for pa- 
tients with congenital or acquired cardiovalvular disease in whom bronchoscopy 
is contemplated. 
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ALTERED HEMODYNAMICS IN THE PULMONARY 
CIRCULATION FOLLOWING REAERATION 
OF AN ATELECTATIC LUNG 
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Salvatore Nigro, M.D. (by invitation), Chicago, Ill. 


A CURIOUS DISCREPANCY has been reported by four independent observers con- 
eerning patients who have had long-term chronic atelectasis of one lung 
followed by surgical intervention and reaeration of the lung. These patients 
have had generally satisfactory degrees of return of function but broncho- 
spirometry studies have regularly shown a discrepancy between ventilation and 
oxygen uptake in the reaerated lung. Its contribution to total oxygen uptake 
has been significantly lower than its contribution to total ventilation.” 1% 1% 1° 
This phenomenon has not been explained in the general consensus that reaerated 
atelectatic lungs regain their function after reinflation. 

The subject of atelectasis and the question of its reversibility have been 
areas of continuing interest in this laboratory." * 71 Benfield and his associates* 
demonstrated that in dogs an average of 14 per cent of the cardiac output was 
shunted through chronically atelectatie left lungs. However, the shunt was 
eliminated by occluding the pulmonary artery to these lungs or by surgical 
intervention and reaeration of the lungs. Doubt was cast on the complete re- 
versibility of chronic atelectasis by the observation that animals with a re- 
aerated left lung did not survive contralateral pneumonectomy. The animals 
died with a boggy, edematous condition in the remaining reaerated lung and 
they exhibited a large dilated right ventricle with a passively congested liver. 
Another animal with a reaerated lung following chronic atelectasis was studied 
during balloon cardiac-catheter occlusion of the pulmonary artery to the un- 
affected lung. This animal developed significant pulmonary hypertension dur- 
ing the period of occlusion and the peripheral arterial oxygen saturation dropped 
markedly. 

The significance of these observations was not immediately apparent. The 
following experiments were designed to determine the physiologic value of a 
reaerated chronic atelectatie lung. 
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METHOD 
Two groups of mongrel dogs, weighing 10 to 20 kilograms each, were used. 


Group I.—12 animals. Two animals were controls. 

Ten animals were subjected to chronic atelectasis of the entire left lung produced by 
closing the left main bronchus. This was accomplished either by bronchoscopic cautery, using 
35 per cent silver nitrate solution resulting in subsequent bronchial stenosis or by surgical 
division of the bronchus and suture closure of the cut bronchus ends at thoracotomy.1, 17 
The atelectasis was confirmed by physical examination, bronchoscopy, fluoroscopy, and radio- 
graphic means. 

After 4 to 67 weeks of atelectasis, left thoracotomy was performed with resection of 
the closed portions of the bronchus with end-to-end anastomosis of the opened bronchial ends, 
using continuous 4-0 black silk atraumatic suture material with everting technique. Before 
starting the bronchial anastomosis the distal bronchial tree was aspirated to remove the 
accumulated mucus that always filled but did not distend the bronchial system. After com- 
pleting the anastomosis, the small, airless, liver-like lung was reinflated with positive pres- 
sures up to 35 mm. Hg. The lungs reaerated at lower pressures but did not resume more 
than 50 to 75 per cent of estimated normal size even with the highest pressures used. The 
reaerated lungs were pale. Postoperative chest roentgenograms were made (Fig. 1). 





A. B. C. 


Fig. 1—A, Normal chest film. 

B, Chest film which shows complete atelectasis of the left lung. The aerated lung visible 
above the diaphragm on the left is an enlarged accessory lobe of the right lung herniated 
across the midline. 

C, Chest film made 4 days after left thoracotomy, bronchoplasty, and reaeration of the 
atelectatic lung. 


Four to 120 weeks after reaeration, an evaluation of the pulmonary functions was made. 
Each animal was anesthetized with a continuous intravenous drip of 0.2 per cent Surital 
after premedication with atropine sulfate, 0.0004 Gm., and morphine sulfate, 0.015 to 0.075 Gm. 
Bronchospirometrie ventilation studies were made using a specially constructed tracheal 
divider and two Benedict-Roth recording spirometers with balloon-boxes filled with either 
air or 26 per cent oxygen. To ensure proper position of the tracheal divider, insertion was 
made under fluoroscopic control using a ‘‘carina finder’’ as a guide (Fig. 2). After inflating 
the balloon on the tracheal divider to 35 mm. Hg, a test was made by hyperinflating each 
lung separately under fluoroscopic control. This served the dual purposes of indicating any 
leaks and of showing the degree to which the lungs could be expanded (Fig. 3). 

Arterial blood samples were collected from a femoral artery. Mixed venous blood 
samples were obtained from the pulmonary artery via ardiac catheter. Blood-oxygen con- 
tent was obtained by the method of Van Slyke and Neill. Cardiac output was calculated 
using the direct Fick method. 
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Group II.—24 animals. Four animals were controls. 

Twenty animals were subjected to chronic atelectasis of the entire left lung for 3 to 
67 weeks. This was followed by surgical reaeration of the atelectatic lungs. The methods 
used were the same as described for Group I. 

Three to 137 weeks after reaeration, the pulmonary artery pressure was studied under 
intravenous 0.2 per cent Surital anesthesia using a cardiac catheter, Statham P23Db strain 
gauge, and Grass recorder. After obtaining a satisfactory base line pulmonary artery pres- 
sure, the right pulmonary artery was temporarily occluded either by balloon cardiac-catheter 
obstruction (closed chest) or by cross-clamping the artery at thoracotomy (open chest). Com- 
pleteness of the balloon cardiac-catheter obstruction of the right pulmonary artery was 
determined by cessation of oxygen uptake on that side of a bronchospirometric tracheal 
divider. 

With the right pulmonary artery blocked, the entire cardiac output was diverted 
through the left reaerated lung, hemodynamically duplicating acute right pneumonectomy. 











B. Cc. 


Fig. 2.—A, “Carina finder” and two tracheal dividers, one without balloon to show details. 


B, Close-up view of the same instruments. The “carina finder’ is made of piano wire 
and solder. The tracheal dividers are made of two large copper tubes and one small copper 
tube soldered together. The two large tubes have been compressed in a vise to make the 
ae of each an oval. Thus, the cross-section of the assembled divider approaches 
a@ circle. 

C, Chest film which shows the “carina finder’ astride the carina (bronchoscopically 
placed) and the tracheal divider in the wrong position completely within the right main 
bronchus. When placement is correct, the crotch of the tracheal divider is coincident with the 
crotch of the “carina finder’ fluoroscopically (see Fig. 3—A, B, QC). 
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Fig. 3.—A, Normal control animal with tracheal divider in place. 
B, Same animal with right lung hyperinflated. 
C, Same animal with left lung hyperinflated. 


D, Experimental animal with reaerated left lung after 21 weeks of chronic atelectasis. 
Tracheal divider in place. 


H, Same animal with right lung hyperinflated. Compare with B above. 

F, Same animal with left lung hyperinflated. Compare with C above. 

G, Same animal’s pulmonary artery pressure response during hyperinflation of the left 
lung as shown in F' above. 

H, Same animal’s pulmonary artery pressure response during hyperinflation of the right 
lung as shown in EF above. 
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TABLE I. BRONCHOSPIROMETRY AND CARDIAC OUTPUT STUD ES 





























It | 2 3 4 5 IR hs IE SS, ae 
WEEKS OF WEEKS OF oO, ART. O, | ART. O, VEN. O, VEN. O, | A-\ DIFF IGH 
DOG NO.| ATELECTASIS | REAERATION | MIXTURE|(VOL. %)| SAT. (%) | (VOL. %) | SAT. (%) | (WoL. % 
A* L18 0 0 26% 20.90 84 16.13 64 
B L17 0 0 Air 18.06 90 14.03 70 
Cc Average of 2 control animals 
1t P28 4 40 Air 19.84 89 15.64 70 2 ; 
2 P3N 4 4 26% 18.33 90 15.87 78 2.40 d 
3 P923 7 50 26% 19.85 92 14.70 67 3.15 ( 
4 P164 18 48 26% 24.38 96 19.39 76 1.99 / 
5 P658 2 21 26% 19.25 91 15.43 74 3,82 f 
6 P189 20 120 26% 19.79 94 15.56 74 1,23 6 
7 P271 25 40 Air 21.30 81 17.16 65 4,15 B 
8 P831 °" 42 36 Air 16.10 70 12.61 55 3.50 1 
9 P425 52 20 26% 20.02 98 16.17 79 3.85 5 
10 P62 67 + 26% 21.44 97 16.85 76 1.59 ( 
11 Average of 10 experimental animals 





*Lines A and B contain data from control animals. 
jLines 1 through 10 contain data from the experimental animals. 


Histopathologic Study.—Biopsies of the lungs of 5 of the above animals were obtained. 
The left lungs were biopsied in the atelectatic and reaerated states. The right lungs were 
biopsied only after reaeration of the left lungs. The biopsies were processed routinely by 
the Department of Pathology, The University of Chicago, and reviewed by Dr. Eleanor 
Humphreys, Professor Emeritus of Pathology. 





RESULTS 


There were advantages to both methods of atelectasis production. In the 
bronchus cautery method, atelectasis was produced without the injury of a 
thoracotomy and at the reaeration operation no adhesions were found. How- 
ever, it was variable in its convenience and predictability if cautery was limited 
to a short, easily resectable length of bronchus. The method of surgical division 
of the bronchus was quick and easy but involved pleural trespass with a variable 
degree of adhesions found at the reaeration operation. There was no noticeable 
difference between the two methods in ease or degree of reaeration of the 
atelectatie lungs. 

Group I.—Fluoroscopie observation of hyperinflation of the reaerated left 
lungs regularly demonstrated a markedly reduced compliance. All the reaerated 
lungs were considerably limited in their ability to expand. The loss of com- 
plianece was seemingly more significant in the upper portions of the lungs; the 
lower lobes expanded fairly well (Fig. 3). 

The response of pulmonary artery pressure to the hyperinflation maneuver 
was quite revealing. When the right lung was hyperinflated, the pulmonary 
artery pressure elevation was proportional to the inflating pressure.’ But when 
the reaerated left lung was hyperinflated, the pulmonary artery pressure was 
affected only slightly (Fig. 3). 

The bronchospirometrie pulmonary function data and the Fick cardiac out- 
put data are presented in Table I. 
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DES @yimAv.S WITH REAERATED Lert LUNGS AFTER CHRONIC ATELECTASIS 

“1 a 13 14 15 16 17 18 

V Oz vy ©, CARDIAC VENT. VENT. 

Ve Oz RIGHT V Oz LEFT OUTPUT VENT. RIGHT LUNG VENT. LEFT LUNG 

(% OF |LEFT LUNG (% OF L./M. |RIGHT LUNG (% OF LEFT LUNG (% OF 

(c.0./ M.) TOTAL) | (C.C./M.) TOTAL) (FICK) (L./M.) TOTAL) (L./M.) TOTAL) 
33.7 57 25.0 43 1.23 1.20 60 .80 40 
28.1 62 17.5 38 1.38 1.13 57 85 43 
59.5 40.5 58.5 41.5 
59.0 79 15.0 21 1.76 3.9 71 1.6 29 
45.0 82 10.0 18 2.28 1.5 76 5 24 
68.7 77 20.6 23 1.73 1.78 76 55 24 
75.0 100 0 0 1.50 3.3 83 70 17 
60.0 86 10.0 14 1.83 1.92 65 1.00 35 
60.0 100 0 0 1.41 1.93 91 18 9 
32.0 65 17.0 35 1.18 1.03 62 .63 38 
100.0 89 12.0 11 3.20 2.5 82 55 18 
52.0 100 0 0 1.35 2.2 76 PY i 24 
65.0 83 12.5 17 1.67 2.1 72 8 28 
86.1 13.9 75.4 24.6 








The use of 26 per cent oxygen in the spirometer-balloon box system seemed 
to help in keeping arterial oxygen saturation above 90 per cent during the 
bronchospirometry study. Of the 4 animals with arterial oxygen saturation 
over 93 per cent, 3 had no oxygen uptake in the left lung and the fourth had 
an oxygen uptake of 17 per cent of the total (Table I, columns 6 and 12, lines 
4, 6, 9, 10). 

The contribution to both ventilation and oxygen uptake of the left lung of 
the control animals was approximately 40 per cent of total. The contribution 
to ventilation of the reinflated left lung of the 10 experimental animals averaged 
24.6 per cent of total and to oxygen uptake was only 13.9 per cent of total. 
There was an absolute inerease in right lung oxygen uptake and an absolute 
decrease in left lung oxygen uptake compared to controls (Table I, columns 13 
and 18, lines C and 11; Table I, columns 10 and 12). 


Group IT.—The pulmonary artery pressure data are presented in Tables 
II and III and Fig. 4. 

Table II: The base line mean pressures of the control animals averaged 
13.0 mm. Hg and the mean pressures with right pulmonary artery occlusion 
averaged 20.0 mm. Hg. The base line pulmonary artery mean pressures of the 
20 experimental animals averaged 16.2 mm. Hg and, with right pulmonary ar- 
tery occlusion, they averaged 36.0 mm. Hg. This occlusion value is over 200 
per cent of base line mean pressures for the experimental animals and almost 
300 per cent of the base line mean pressures for the control animals. The ex- 
perimental animals did not tolerate the occlusion of the right pulmonary artery 
without distress. The distress was relieved by removing the ocelusion. 

Table III: There was apparently little difference in the qualitative results 
whether the temporary occlusion of the right pulmonary artery was produced 
by balloon ecardiac-eatheter occlusion (closed chest) or by cross-clamping at 
thoracotomy (open chest). Base line pulmonary artery pressures were higher 
in the open chest experiments. 
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TABLE II. PULMONARY ARTERY PRESSURE STUDIES OF ANIMALS WITH REAERATED LEFT LUNGS 











AFTER CHRONIC ATELECTASIS ‘ 
WEEKS 
WEEKS | ELAPSED PAP PAP PAP 
OF ATE- TO RT. & LT. LT. PA RT. PA 

DOG LEC- |PRESSURE METHOD OF PA PA OPEN OCCLUDED OCCLUDED 
NO. | TASIS TEST OCCLUSION (MM./Hg.) | (MM./Hg.) | (MM./Hg) 
A* Cl 0 0 Balloon, closed chest 18/6 10 25/4 11 33/9 17 
B C2 0 0 Balloon, closed chest 22/15 17 28/22 24 32/27 29 
C C3 0 0 Thoracotomy, openchest 23/10 15 — — 22/8 13 
D C4 0 0 Thoracotomy, openchest 21/4 10 — — 33/15 21 

Average of 4 control animals 13.0 17.5 20.0 
1t PIN 3 35 Balloon, closed chest 25/5 12 — — 38/18 26 
2 P3N 4 8 Balloon, closed chest 25/7 12 27/10 13 40/12 22 
3 PSN 4 13 Thoracotomy, openchest 25/17 19 — — 50/26 34 
4 P2N 4 15 Thoracotomy, openchest 24/10 15 — — 55/27 35 
5 P28 4 - 15 Balloon, closed chest 25/10 15 35/10 18 45/20 28 
6 P923 “4 55 Balloon, closed chest 28/7 15 33/10 18 35/15 24 
7 P961 9 TST Balloon, closed chest 25/7 12 se — 45/10 28 
8 P10N 11 8 Balloon, closed chest 35/8 20 40/11 21 67/28 42 
9 P164 18 48 Balloon, closed chest 22/5 12 33/8 18 75/25 40 
10 P1149 20 8 Balloon, closed chest 25/5 13 35/10 18 650/15 27 
11 P189 20 120 Balloon, closed chest 22/10 14 27/12 16 40/17 25 
12 P271 25 76 Thoracotomy, openchest 32/12, 17 — — 45/17 27 
13 P124 26 121 Thoracotomy, openchest 27/17 20 — — 50/25 33 
14 P8N 35 6 Thoracotomy, openchest 46/22 27 — — 100/50 72 
15 P7N 36 4 Thoracotomy, openchest 33/12 20 — — 82/40 58 
16 PON 36 4 Thoracotomy, openchest 45/20 30 — — 75/32 48 
17 P822 38 314 Balloon, closed chest 23/2 9 — — 83/18 49 
18 P425 52 23 Balloon, closed chest 22/7 12 24/12 36 60726 38 
19 P299 61 34 Thoracotomy, openchest 23/10 15 — — 60/15 33 
20 P62 67 4 Balloon, closed chest 35/9 16 — -—- 75/10 31 

Average of 20 experimental animals 16.2 17.2 36.0 





*Lines A through D contain the data from control animals. 
¢Lines 1 through 20 contain the data from the experimental animals, 
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Fig. 4.—Mean pulmonary artery pressures with total cardiac output diverted through reaerated 
left lungs after chronic atelectasis. 
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TaBLE III. PuLMoNARY ARTERY PRESSURE STUDIES OF ANIMALS WITH REAERATED LEFT 
Lun@s AFTER CHRONIC ATELECTASIS* 






































OBSTRUCTION OF PULMONARY OBSTRUCTION OF PULMONARY 
ARTERY BY BALLOON CARDIAC ARTERY BY CROSS-CLAMPING AT 
CATHETER (CLOSED CHEST) THORACOTOMY (OPEN CHEST) 
OCCLUSION | OCCLUSION OCCLUSION | OCCLUSION 
BASE LINE | OF LEFT | OF RIGHT | BASELINE| OF LEFT | OF RIGHT 
PAP PA PA PAP PA PA 
A 18/6 10 25/4 11 33/9 17{| 23/10 15 a 22/8 13 C 
B 22/15 17 28/22 24 32/27 29)21/4 10 —_ 33/15 21 D 
Average of 
controls 13.5 17.5 23.0 12.5 17.0 
1 25/5 12 — 28/18 26] 25/17 19 a 50/26 34 3 
2 25/7 12 27/10 13 40/12 22/24/10 15 -— 55/27 35 4 
5 25/10 15 35/10 18 45/20 28] 32/12 17 —— 45/17 27 12 
6 28/7 15 33/10 18 35/15 24)|27/17 20 — 50/25 33 13 
7 25/7 12 — 45/10 28 | 46/22 27 100/50 72 =14 
8 35/8 20 40/11 21 67/28 42) 33/12 20 _- 82/40 58 15 
9 22/5 12 33/8 18 75/25 40| 45/20 30 _- 75/32 48 16 
10 25/5 13 35/10 18 50/15 27} 23/10 15 -—- 60/15 33 19 
11 22/10 14 27/12 16 40/17 25 
17 23/2 9 — 83/18 49 
18 22/7 12 24/12 16 50/25 38 
20 35/9 = 16 — 75/10 31 
Average of ex- 
perimental 
animals 13.5 17.2 31.6 20.3 — 42.5 








*The data from Table III are rearranged according to the method of diversion of blood 
from the right lung (open chest vs. closed chest). Separate averages are shown for the two 
methods. 

Fig. 4: The pulmonary artery pressures during right pulmonary artery 
occlusion tended to be higher in the animals with longer duration of atelectasis 
but there was considerable variation. 


Histopathologic Study.—In general, the changes in the atelectatic lung were 
difficult to interpret because the alveolar spaces could not be distinguished. 
There was noticeable paucity of small blood vessels and blood-filled capillaries. 
Large macrophages were liberally scattered through the lung structures, both 
intra- and extrabronehially. The small bronchioles were collapsed and free of 
accumulated mucus. Only the larger bronchioles contained mucus. Hemo- 
siderin deposits were scattered through the atelectatic tissue. Pleural thicken- 
ing, while present, was minimal. 

Representative photomicrographs of sections of normal and reaerated lungs 
are presented in Fig. 5. 

The sections of reaerated lung after chronic atelectasis were revealing. The 
pleural surfaces were normal or minimally thickened. The subpleural zone of 
pulmonary parenchyma often seemed distinctly hypoinflated when compared to 
the remainder of the parenchyma. In this subpleural zone, the alveolar spaces 
were scarcely aerated whereas, in the remainder of the lung, there was over- 
stretching of the terminal respiratory units and some disruption of alveolar 
walls. A number of prominent spurs or club-like processes were scattered 
through the lung. They were located particularly at the junction of bronchiolar 
arteries with perialveolar capillaries. The exact nature of these club-like 
processes is not known. 
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The sections of normal right lungs showed some enlargement of alveolar 
spaces and some disruption of alveolar septa. 


DISCUSSION 


These experimental data tend to confirm and reproduce the bronchospiro- 
metric observations in human beings of a ventilation-oxygen uptake discrepancy 
in reaerated chronically atelectatie lungs. 


a es 


* 
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Fig. 5.—A, P8N. The right, geri os —. and minimal disruption 

Several investigators have measured the blood flow through an atelectatic 
left lung in the dog. They have reported a range from 0 to 40 per cent of 
cardiae output, with an average approximately 15 per cent.” * 4% 1% 1314 A 
comparison with the present experimental observations of an average of 13.8 
per cent of total oxygen uptake in the reaerated left lungs suggests that, while 
reaeration eliminates the shunt previously present,® it does not greatly improve 
the circulation through the lung. 

This conclusion is supported by the pulmonary artery pressure data during 
temporary occlusion of the right pulmonary artery. It is clear that with pres- 
sures of more than 100 per cent over base line, these animals developed a con- 
siderable pulmonary hypertension. A similar right pulmonary artery occlusion 
in a normal animal results in less than 50 per cent elevation of base line pres- 
sure. The reaerated lungs were apparently unable to accommodate an acute 
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and massive increase in blood flow because of increased pulmonary vascular 
resistance. 

While there have been few reported human bronchospirometrie studies after 
reaeration of a chronically atelectatie lung, there have been a number of reports 
of routine pulmonary function tests that have shown some increase in vital 
capacity after recovery. This increase has usually been small, presumably due 
to redistribution of approximately the same intrapleural volume from one lung 
preoperatively to two lungs postoperatively. While it was not possible to meas- 
ure vital capacity in the present experimental animals with reaerated lungs, it 
is clear from chest roentgenograms (see Fig. 1) that a redistribution of pleural 
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Fig. 5.—Cont’d. B, P10N. Eleven weeks of atelectasis and 8 weeks post-reaeration. The 
left, reaerated lung shows minimal thickening and infolding of the pleural surface. Note the 
subpleural zone of hypoinflation. There is some interalveolar septal thickening and frequent 
club-like formations at the junction of bronchiolar arteries with perialveolar capillaries. (X50; 


reduced 4.) 

space took place when the atelectatie left lungs were reaerated. In addition, 
the separate hyperinflation of the reaerated lungs demonstrated that marked 
limitation existed in their compliance compared to the normal controls up to 
2 years after reaeration. There is as yet no known reason for this reduction 
in compliance since previous histologic studies of atelectatic and reaerated 
lungs, in the absence of infection, have not shown pulmonary fibrosis or other 
change likely to result in decrease of pulmonary function. The diminished com- 
plianee must have been present at the reaeration operation to account for the 
smaller than normal size of the reaerated lungs. One observer reported that 





aed sia Ciosdiowss- Bore 
the reaerated lungs resumed normal size several weeks or months after re- 
aeration.” The present study could not confirm this observation. 

An increase in pulmonary arterial resistance with decrease in flow in one 
lung was produced experimentally by Rosenberg’® by wrapping one lung in 
a constricting bag (i.e., a marked reduction of compliance). That the mechanism 
of the increased resistance and decreased flow is the same in the present experi- 
ment is not certain but highly suggestive. In addition, it corresponds with 
Benfield’s observation that contralateral pneumonectomy was not tolerated. 
It is known that pneumonectomy in the normal dog is followed by little pul- 
monary artery pressure elevation if the remaining lung is free to make com- 
pensatory adjustments. The present data suggest that contralateral pneu- 
monectomy foreed cardiac output through a smaller than normal, compensation- 
limited, reaerated lung. The resulting pulmonary hypertension was followed 
by right ventricle dilatation and hepatic congestion, and the pulmonary artery 
pressure probably exceeded the osmotie pressure of plasma protein which re- 
sults in pulmonary edema, air hunger, and death. Carlson’ suggested that 
edema could be caused by altered permeability of the alveolar-capillary mem- 
brane due to hypoxia during atelectasis but it is doubtful that such altered 
permeability would last significantly beyond the time of reaeration. 

The present histopathologic findings in reaerated lungs of subpleural hypo- 
inflation and bronchiolar arterial spur or club formation may be wholly or 
partially the cause of both the increased vascular resistance and diminished 
compliance. The significance of these changes is not yet fully understood. 

The conservation of lung tissue stands as a worthy goal in patients afflicted 
with chronic atelectasis of one lung. It is known that surgical reaeration of 
these lungs will yield a number of physiologic benefits. The present study sug- 
gests that reaeration is useful but it may fall considerably short of restoring 
that lung to complete normality. This statement is not an implied disagreement 
with the policy of surgical reaeration of atelectatic lungs but rather a suggestion 
that patients who have undergone reaeration operations be studied fluoroscopi- 
cally, bronchospirometrically, and hemodynamically, as in the present study, 
whenever possible. The results of these and other follow-up studies will help 
to define the full clinical significance of the altered hemodynamics in the pul- 
monary circulation following reaeration of an atelectatic lung. 


CONCLUSIONS 


1. Reaeration of a chronically atelectatic lung in the dog restores its fune- 
tion partially. However, specific physiologic defects remain. They include a 
variable but persistent loss of compliance, a marked increase in pulmonary vas- 
cular resistance, a diminished pulmonary artery blood flow, and a concomitant 
decrease in oxygen uptake. 

2. Histopathologic changes have been noted in reaerated atelectatic animal 
lungs. A zone of subpleural hypoinflation was noted. Bronchiolar arteries 
exhibited formation of spurs or club-like processes. The significance of the 
changes is not yet clear. 
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3. In human beings with a reaerated chronically atelectatie lung, a similar 
partial restoration of function with decrease in oxygen uptake has been re- 
ported by others. 

4. From the published reports of some patients it appears that the passage 
of time has favorably influenced the function of reaerated atelectatic lungs. 
Such a favorable influence of time could not be confirmed in the present ex- 
perimental study. 

5. It is suggested that a complete functional evaluation of a patient with 
a reaerated lung after chronic atelectasis might properly include broncho- 
spirometry and an investigation of vascular resistance and pulmonary com- 
pliance. 


SUMMARY 


The pulmonary functions and cardiac output of 10 dogs were studied during 
bronchospirometry after reaeration of a chronically atelectatice left lung. 


The pulmonary arterial pressure response of 20 dogs was studied during 
temporary occlusion of the right pulmonary artery after reaeration of a chroni- 
eally atelectatie left lung. 

Normal, atelectatic, and reaerated lungs were compared histopathologically. 
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SELECTIVE CHEMOTHERAPY OF THE LUNG DURING 
UNILATERAL PULMONARY ARTERIAL OCCLUSION 
WITH A BALLOON-TIPPED CATHETER 


Nicholas P. Smyth, M.D. (by invitation), and 
Brian Blades, M.D., Washington, D.C. 


HE USE of pulmonary intra-arterial carcinolytie agents, administered either 

by trapping in the lung or by selective perfusion of the lung, has been 
previously reported.'? Clinical application of these techniques is hampered if 
a carcinoma involves the hilum of the lung, preventing access to the pulmonary 
artery. 

Perhaps the greatest problem in selective chemotherapy of the lung is that, 
while the pulmonary arterial system is suitable for isolation-perfusion tech- 
niques, the great majority of pulmonary diseases, including primary bronecho- 
genic carcinoma, apparently derive their bleod supply from the bronchial ar- 
terial system.*'? Metastatic tumors are probably supplied by the pulmonary 
arterial system.® 1” 

In the normal lung, there are both capillary and dormant precapillary 
communications between the two arterial systems.’? 1% In the presence of 
primary bronchogenic carcinoma, bronchiectasis, tuberculosis, and many other 
diseases, extensive functioning precapillary communications develop between 
the two arterial systems.*-* 1°!" It is natural to suppose that these are left- 
to-right shunts. 

In support of this are the findings of increased oxygen saturation of the 
pulmonary arterial blood in the vicinity of primary carcinoma and other dis- 
eases® 7 & % 17. the failure of pulmonary angiograms to fill the pulmonary ar- 
teries in the vicinity of disease® *; and the finding of left ventricular hyper- 
trophy in such eases.’ 19-2? 

Against this are the findings of Brofman** and Nemir,** and their asso- 
ciates, who used a balloon-tipped cardiac catheter to occlude the right or left 
pulmonary artery in the study of lung funetion. They found that the pressure 
in the pulmonary artery, distal to the ocelusion, fell to pulmonary capillary 
levels even in the presence of extensive bronchiectasis, a disease associated with 
marked inerease in bronechial-pulmonary arterial anastomoses. The higher 
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pressures expected from bronchial arterial preeapillary inflow were not encoun- 
tered. Furthermore, the oxygen saturation of this ‘‘lacunar’’ blood was higher 
than that of the systemic blood and the pulmonary capillary blocd, indicating 
that it was derived not from bronchial arterial inflow but, rather, from left 
atrial reflux; that is, blood that had passed through the pulmonary eapillary 
bed twice. 

These discrepancies are not easily reconciled, but it appears that during 
unilateral pulmonary arterial occlusion, perhaps as a result of some neurogenic 
mechanism, significant left-to-right preeapillary bronchial-pulmonary arterial 
shunts do not oeecur.?* 

It seemed to us that under these conditions, it might be possible to reach 
both primary and metastatic tumors with a chemotherapeutic agent injected into 
the pulmonary artery distal to its occlusion by a balloon-tipped cardiac 
catheter. This technique would have the further advantages of allowing access 
to a pulmonary artery involved by tumor and selective, and possibly repeated, 
chemotherapy of the lung without thoracotomy. 

The circulation and diffusion of indicator substances and the tolerance of 
the lung for various doses of nitrogen mustard were studied in the dog during 
unilateral pulmonary arterial occlusion, prior to a clinical trial of the method. 
Based on the observaticn of Creech and associates?’ that fixation or inactivation 
of nitrogen mustard occurs within 8 minutes in whole blood, an ocelusion time 
of 15 minutes was arbitrarily chosen. 


METHODS 


1. Circwlation.—The circulation in the lung was studied in mongrel dogs, weighing 15 
to 25 kilograms, that were divided into four groups. 

Group 1: <A control group in which the pulmonary artery was not occluded. 

Group 2: Animals in which the right pulmonary artery was occluded. 

Group 3: Animals in which the right pulmonary artery and the right bronchial 
artery were occluded. 

Animals in which the right pulmonary artery, the right bronchial ar- 
tery, and the right main-stem bronchus were occluded. 

The animals were anesthetized with intravenous Pentothal sodium. Oxygen was ad- 
ulinistered by intermittent positive pressure of 14 cm. of water through a cuffed endotracheal 
tube. Either a No. 84% Fr. double lumen balloon-tipped cardiac catheter* or a No. 7 Fr. 
single lumen cardiac catheter was inserted through the right external jugular vein and _ po- 
sitioned in the right pulmonary artery at right thoracotomy. The pulmonary artery was 
occluded either by inflating the balloon or by the use of a snare (Fig. 1). In Groups 3 and 
4, the bronchial arterial inflow was occluded by skeletonizing the hilum and dividing all 
small vessels on the isolated bronchus. In Group 4, the bronchus was occluded by a non- 


an 


Group 4: 


crushing clamp. 

T-1824 (Evan’s blue dye) and a saline suspension of Cr51 tagged red blood cells were 
used as indicators, To minimize errors in either method, both indicators were used simul- 
taneously in each experiment. Indicator dilution curves were obtained in 5 animals weighing 
20 to 25 kilograms in each group. Two milliliters of each indicator were slowly injected 
through the catheter. over a 2-minute period to permit adequate diffusion in the lung. Blood 


samples were obtained through a Cournand needle in the femoral artery. 


*Dotter-Lukas No. 1, U. S. Catheter & Instrument Corp., Glens Falls, N. Y. The standard 
balloon was replaced by a smaller one for animal experiments. 
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In the control group, samples were taken at 1, 5, 10, and 20 minutes after completion 
of the injection. In Groups 2, 3, and 4, the injection was started 2 minutes after pulmonary 
arterial occlusion, a time arbitrarily chosen to permit stabilization of the circulation, Blood 
samples were taken at intervals of 1 minute, 3 minutes, 5 minutes, and 10 minutes after com- 
pletion of the injection. The occlusion was then released, and further samples taken 1 minute 
and 10 minutes later. Complete mixing was assumed to have taken place at this time and 
the readings for the last sample were taken to represent 100 per cent of the indicator in 
the systemic circulation in each experiment. 

The values for T-1824 were obtained by a modification of the method of Hamilton 
and associates,26 using the Beckman DU spectrophotometer. The values for Cr51 tagged 
red blood cells were obtained by a modification of the method of Spencer and associates,27 
To correct for varying radioactivity in different preparations of Cr51 tagged red blood cells, 
all readings were corrected to a uniform standard of 2.75 million counts per milliliter per 


5 minutes. 






f 


Weep 


Wl 





Fig. 1.—Methods used to occlude the pulmonary artery. A, Balloon-tipped double lumen cardiac 
catheter. B, Single lumen cardiac catheter with a snare around the pulmonary artery. 


Since the behavior of inert indicators could only approximate that of a highly reactive 
agent like nitrogen mustard, their exact concentration in the blood was not important. We 
were only interested in what percentage of the total amount, if any, appeared in the systemic 
circulation during pulmonary arterial occlusion. A simple linear projection was therefore 
used in plotting the dilution curves rather than the conventional semi-logarithmetical pro- 
jection, and the data were plotted as units of optical density, and counts per milliliter per 
5 minutes, against time in minutes. 

2. Diffusion.—The distribution of an indicator was also studied in 5 animals, weighing 
15 to 20 kilograms, in each group. Five milliliters of methylene blue dye were injected 
through the catheter, and the time of appearance, the distribution, and the duration of the 
blue stain studied. ; 

3. Dose of Nitrogen Mustard—The tolerance of the lung for nitrogen mustard was 
studied in 14 animals, weighing 15 to 20 kilograms. Under intravenous Pentothal sodium 
anesthesia, a No. 814 Fr. balloon-tipped double lumen cardiac catheter was inserted into the 
external jugular vein and positioned, in the right or left pulmonary artery, under fluoroscopic 
control in 9 animals and, at right thoracotomy, in 5 animals. The balloon was inflated with 
50 per cent Hypaque* until the pulmonary arterial pressure distal to the balloon fell to 
pulmonary capillary levels. A solution of nitrogen mustard in saline (1.0 mg. per milli- 
liter) was then injected into the blood stream distal to the balloon, in doses of 0.1, 0.2, 0.3, 
or 0.4 mg. per kilogram, during a period of 15 minutes of occlusion. 


*Winthrop Laboratories, New York, N. Y. 
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On each animal, white blood cell, hematocrit, and platelet counts were obtained before 
the perfusion and at weekly intervals thereafter. Chest roentgenograms were obtained before 
and 24 hours after the perfusion, and at weekly intervals thereafter. 

In a control group of 5 animals, a dose of nitrogen mustard of 0.4 mg. per kilogram 
was given intravenously. White blood cell, hematocrit, and platelet counts were obtained 
on each animal before the injection of nitrogen mustard, and at weekly intervals thereafter. 


All the animals were observed for a period of 4 weeks. 


Spectrometer indicator Dilution Curve (TI824) With 
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Fig. 2.—Indicator dilution curves in the eee group. A, T-1824. 
cells, 








B, Cr tagged red blood 


RESULTS 


1. Circulation of Indicator —In the control group, both indicators appeared 
immediately in the peripheral circulation in concentrations that declined from 
an initial high level to a lower plateau, 10 to 20 minutes after injection (Fig. 2). 
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In each group of the test series, the indicator dilution curves showed a 
delay in passage of the indicators through the lung, with a progressive leak into 
the systemic circulation. On releasing the pulmonary arterial occlusion, the 
indicator trapped in the lung was washed out into the systemic circulation, 
producing a sharp rise in concentration of the indicator, which then fell slightly 
to control levels as mixing occurred during the next 10 minutes. 


Indicator Dilution Curve (T1824) During And After 
Occlusion Of Right Pulmonary Artery 
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Fig. 3.—Indicator dilution curves in Group 2. A, T-1824. B, Cr tagged red blood cells. 
The linear plot allows the pulmonary-systemic leak to be expressed as a percentage of the 
total amount in solution, represented by the value 10 minutes after release of pulmonary 
arterial occlusion. 


In Group 2, taking the average of values obtained with both indicators, 
the amount of the indicator reaching the systemic circulation at 1, 3, 5, and 10 
minutes after injection was 26 per cent, 49 per cent, 58 per cent, and 71 per cent, 
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respectively (Fig. 3). In the remaining groups, the pulmonary-systemic leak 
was slightly smaller: the corresponding values being 26, 38, 44, and 65 per cent 
in Group 3, and 23, 34, 50, and 64 per cent in Group 4. 

2. Diffusion of Indicator.—In the control group, the methylene blue stain 
appeared in the visceral pleura of all lobes of the lung within seconds of starting 
the injection. A uniform blue stain of maximum density was present at the 
end of the injection period, or within 2 minutes of completion of the injection. 
It began to fade at once and, 15 minutes after the injection, only a trace of the 
blue stain remained. 


Density of 
Methylene 
Biue Stain 


Maximum 


Minimum 








Time in 
Minutes 


_Fig. 4.—Schematic drawing which contrasts the even staining and rapid fading of the 
dye in the control group, with the slower, less uniform, but more persistant staining of the 
dye in the test series. 


In the test series, the picture was quite different. In each group, the blue 
stain first appeared within 2 minutes of the end of the injection in all lobes, 
in patchy areas that stained more deeply than in the control group. A more 
uniform stain of lesser density then appeared, to reach a maximum 7 or 8 min- 
utes after injection. There was no fading of the stain during the remainder of 
the 15-minute period of pulmonary arterial occlusion. There was no apparent 
difference in the distribution pattern of the dye between Groups 2, 3, and 4. 
The blue stain was never as uniform, either in density, or distribution, as in 
Group 1, the control series (Fig. 4). 

3. Effect of Nitrogen Mustard.—In the control series, all the animals sur- 
vived the 4-week observation period. All developed transient anorexia, diarrhea, 
weight loss, and moderate leukopenia. 

In the test series, none of the animals developed leukopenia. All the ani- 
mals survived a dose of nitrogen mustard of 0.1 mg. or 0.2 mg. per kilogram. 
Only 1 animal survived a dose of 0.3 mg. per kilogram, and 1 a dose of 0.4 mg. 
per kilogram. Both of these developed transient anorexia, diarrhea, and weight 
loss. 
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All the animals developed roentgenographic evidence of pneumonitis or 
atelectasis within 24 hours of lung perfusion (Fig. 5). Roentgenographically 
there was no correlation between its extent, severity, or duration and the dose 
of nitrogen mustard. The pneumonitis cleared in 1 to 4 weeks in all but 2 
animals. 


CLINICAL EXPERIENCE 


Right heart catheterization was performed four times on 3 patients. <A 
No. 814 Fr. Dotter-Lukas balloon-tipped double lumen cardiac catheter was 
introduced into a peripheral vein and positioned in the right or left pulmonary 
artery under fluoroscopic control. In 1 patient, a second catheter was inserted 
to record pressures proximal to the balloon. A Cournand needle was placed 
in the brachial artery. 


A. B. Cc. 


Fig. 5.—Roentgenograms of dog’s chest. A, Before perfusion. B, During perfusion with 
the balloon catheter in position in the right pulmonary artery. C, Twenty-four hours later; 
showing severe penumonitis and atelectasis of the right upper lobe. 


The balloon was inflated with 50 per cent Hypaque until the pulmonary 
artery pressure fell to pulmonary eapillary levels (Figs. 6 and 7). Indicator 
dilution curves were then obtained by the method described, using 2 ml. of 
T-1824. 


The balloon was then reinflated and the caleulated dose of nitrogen mustard 
administered. Occlusion of the pulmonary artery was maintained for 15 
minutes. 


CASE REPORTS 


CASE 1.—A dose of 0.1 mg. per kilogram of nitrogen mustard (7.5 mg. in 7.5 ml. of 
saline) was administered by this technique to a 54-year-old man with an inoperable epi- 
dermoid carcinoma of the right lower lobe, metastatic to the thyroid gland. A moderately 
severe pneumonitis developed within 24 hours. The patient remained asymptomatic and 
afebrile. Roentgenograms of the chest were made frequently until the patient’s death 2 
months later. There was no evidence of reduction in the size of the tumor. The pneumonitis 
did not completely clear (Fig. 8). 
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Case 2.—A dose of 0.05 mg. per kilogram of nitrogen mustard (3.4 mg. in 6.8 ml. 
of saline) was administered to a 22-year-old man with bilateral pulmonary metastases from 
an osteogenic sarcoma of the right femur. Amputation had been performed a year previ- 
ously. The left lung was perfused first and the right a month later. A mild perihilar 
pneumonitis that cleared in 48 hours appeared after the first perfusion. No pneumonitis 
was noted after the second perfusion. Following the first perfusion, the lesions in the left 
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Fig. 6.—Case 3. Electrocardiographic and pressure data recorded at paper speed of 75 
mm. per second. Time line interval, 0.02 second. A, At the moment of pulmonary arterial 
occlusion by the inflated balloon. B, Ten seconds later. The data show right bundle branch 
block and pulmonary hypertension. The pulmonary arterial pressure drops immediately to 
normal pulmonary capillary levels when occlusion of the artery is complete. 


A: B. 


Fig. 7.—A, Balloon catheter in left pulmonary artery. The balloon is seen end-on as 
the artery arches over the left main-stem bronchus. B, Balloon catheter in the right pulmo- 
nary artery. Here the balloon lies transversely and has a characteristic “sausage” shape when 
occlusion of the artery is complete. 


lung remained static with the exception of two that increased slightly in size in contrast 
to the rapid progression of those in the right lung (Fig. 9). Follow-up chest roentgenograms 
have not yet been obtained following perfusion of the right lung. 


Case 3.—A dose of 0.1 mg. per kilogram of nitrogen mustard (5.1 mg. in 5.1 ml. of 
saline) was administered to a 65-year-old man with an inoperable adenocarcinoma of the 
right lung, metastatic to the scalene nodes (Fig. 10, A). On admission to the George 
Washington University Hospital, the patient had developed partial atelectasis of the middle 
and lower lobes and a large pleural effusion, with roentgenographic evidence of lymphatic 
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spread of the tumor throughout the right lung (Fig. 10, B). Thoracentesis on two ocea- 
sions yielded small amounts of serosanguineous fluid. Examination for malignant cells 
was reported as grade 3 on the first specimen and negative on the second. Following the 
perfusion, the effusion rapidly absorbed and had not recurred at the time of the last follow- 
up roentgenogram made 6 weeks later (Fig. 10, C). Compared with the first, this last 
roentgenogram showed the parahilar mass to be slightly smaller; there was reaeration of 
the middle and lower lobes with persistent minimal pneumonitis, probably caused by the 


nitrogen mustard. 


A. 


Fig. 9.—Case 2. Roentgenograms of the chest. A, Before perfusion. B, One month after 
perfusion of the left lung. 


DISCUSSION 


These data show that an indicator substance, injected into the pulmonary 
artery distal to its occlusion, slowly diffuses throughout the lung and is grad- 
ually released into the systemic circulation, presumably as a result of eddy 
currents due to variations in the left atrial pressure. In the normal dog’s lung, 
bronchial arterial flow and respiratory movements contribute very little to this 


circulatory pattern. 

In our patients, as in those of Brofman** and Nemir** and their associates, 
the distal pulmonary arterial pressure fell to normal pulmonary capillary levels 
on inflation of the balloon (see Fig. 6). Oxygen studies on the last patient 
showed the saturation of this ‘‘lacunar’’ blood to be higher than that of the 
systemic blood. However, the indicator dilution curves in all 3 patients showed 
a substantially greater pulmonary-systemiec leak than that found in the experi- 
mental animals (Fig. 11). Increased bronchial arterial flow in the presence of 
disease, without change in ‘‘lacunar’’ pressure, is a possible explanation, al- 
though this would not be expected in the presence of metastatic disease. Further 
study is needed to clarify this discrepancy. 

The slow circulation and somewhat uneven distribution of the indicator 
explain the lower tolerance of the lung for nitrogen mustard administered in 





© 
em 
a 
ee 
oe 
_ 
_ 
a 
Qa 
= 
em 
¥, 
io) 
i) 
5 
q 
fea) 
q 
> 
= 
_— 
— 
<) 
Z 
R 
_ 
& 
io) 
« 
Ry 
< 
om 
ic) 
en) 
ei 
ie) 
_ 
a 
= 
mm 


Vol. 40, No. 5 
November, 1960 





‘1a]jeus ALWYSIYS st sounz, Areuyid 9y} puB ‘sun, SulAjiapun oy} JO UOTVB1ev ST BIL 
‘paqiuosqe Ajaze]dwiod Jsoule sey pIny ay} ‘ UOISNJued 19zjJeB SYOBM XIE ‘MO ‘S9qO] ABMO] PUB BIPpIW SulATJapunN 9y} JO S{svJo9[e7e [e1jaed 
UUM UOISNye [eansid sSue, BV SurMmoys ‘uoisnjuod siojoq Avp oy ‘_ ‘UOIsNye [Vansid yYysl1 [euUTUT puw ‘WUNUT{SBIpeu JOJAedNs 9Y} 


jo Sujueapim ‘oun, «epTyeied jYySIA ay} Surmoys uolsnjisd a10Joq Y9e vuQ ‘py ‘yseyo 9y} JO SUIBIBZOUISUIOY “yg BSBVO—'OT “SA 


‘0 ‘g 


664 SMYTH AND BLADES di, Thoracic and 
this manner than is found with isolated perfusion, which permits the safe ad- 
ministration of a dose of 0.4 mg. per kilogram.” 

Study of the perfused dog’s lung at autopsy showed that the acute pul- 
monary lesion produced by the nitrogen mustard, and interpreted roentgeno- 
graphically as pneumonitis, was actually hemorrhagic necrosis of the lung. 
The chronic lesion in the human lung (Case 1) was found at autopsy to be 
anemic infarction secondary to widespread thrombosis of small pulmonary 
arteries. Neither lesion showed any inflammatory component. 


Indicator Dilution Curve (T1824) During And After 
Occlusion Of Right Or Left Pulmonary Artery 
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Fig. 11.—Cases 1, 2, and 3. Indicator dilution curve with T-1824. 


The contrast in survival rate between the control and the test series of 
animals receiving nitrogen mustard, in a dose of 0.4 mg. per kilogram, suggests 
that the effect of the drug on the lung is the limiting factor in dosage rather 
than the size of the pulmonary-systemic leak. Experimental data suggest the 
maximum dose of nitrogen mustard to be 0.2 mg. per kilogram. Clinical ex- 
perience, however, suggests that the maximum permissible dose may be 0.1 mg. 
per kilogram. 

On a comparative weight basis (a lung to total body ratio of 1:150), allow- 
ing for the leak into the systemic circulation, a dose of nitrogen mustard ad- 
ministered in this way should provide a tissue concentration some fifty to one 
hundred times that obtainable by intravenous injection. 

The results of treatment in 2 of the 3 patients are encouraging. Further 
study of this method, both with nitrogen mustard and other chemotherapeutic 
agents, such as 5-fluorouracil, is being undertaken. 


SUMMARY 


The circulation in the lung during unilateral pulmonary arterial occlusion 
by a balloon-tipped cardiac catheter has been studied in the dog and in man. 
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Studies with various indicators show widespread, slightly uneven, diffusion 
throughout the lung with a progressive leak into the systemic circulation. 

The tolerance of the lung for nitrogen mustard administered by this tech- 
nique is the limiting factor in dosage rather than the size of the pulmonary- 
systemic leak. 

Nitrogen mustard, in doses of 0.05 to 0.1 mg. per kilogram, was safely 
injected into the pulmonary artery distal to its occlusion, with beneficial effect 
on primary and metastatic tumors in 2 of 3 patients. 


This technique allows repeated chemotherapy of the lung without thora- 
eotomy, is selective within limits, and, on a comparative weight basis (lung to 
total body), should provide a tissue concentration of nitrogen mustard fifty to 
one hundred times that obtainable by intravenous injection. 


The assistance, in the indicator dilution studies, of Dr. George Kelser of the Depart- 
ment of Medicine and Dr. Ramsey MacCordy of the Department of Anesthesiology is grate- 
fully acknowledged. 
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AN EXPERIMENTAL STUDY OF PULMONARY 
ARTERY REPLACEMENT 


Joseph W. Gilbert, M.D. (by invitation), William P. Cornell, M.D. 
(by invitation), and Theodore Cooper, M.D., Ph.D. 
(by invitation ), Bethesda, Md. 


ae CORRECTION of certain congenital eardiovascular malformations, such as 
atresia of the main pulmonary artery, varieties of persistent truncus arterio- 
sus, and transposition of the great vessels, is contingent upon effecting com- 
munication between the right ventricle and the pulmonary arterial tree. Re- 
placement of the bifureation of the pulmonary artery distal to the valve with 
an aortic homograft was undertaken by Robinson and his associates! in exploring 
means for treating thrombosis of the pulmonary arteries. They econeluded that 
this technique was unsatisfactory since degeneration of the grafts was evident 
as early as 70 days postoperatively. Donovan and his co-workers? employed 
venous-lined tubes of polyethylene or homologous trachea between the right 
ventricle and the left pulmonary artery; the lumens usually became obstructed 
within 3 or 4 weeks, The technical problems and the hemodynamic consequences 
attending insertion of valveless Edwards-Tapp Teflon prostheses between the 
right ventricle and a main branch of the pulmonary artery comprise the subject 
of this study. 


METHOD 


Adult mongrel dogs, weighing 13 to 17 kilograms, were anesthetized with thiopental 
sodium (30 mg. per kilogram) and the lungs were mechanically ventilated through a cuffed 
intratracheal tube with 100 per cent oxygen. Digoxin, 0.015 mg. per kilogram to 0.03 mg. 
per kilogram, was administered intravenously following induction of anesthesia and the 
left or right thorax was entered through the fourth intercostal space (Fig. 1). Pressures 
in the femoral artery, right ventricle, and a subsegmental tributary of the ipsilateral pul- 
monary artery were measured by means of Statham transducers and inscribed, with Lead IT 
of the electrocardiogram, on a multichannel recorder. The right or left pulmonary artery 
was mobilized and divided and an Edwards-Tapp prosthesis of woven Teflon, 4, to 34 inch 
in diameter and 6 to 8 em. in length, was approximated to its distal end by means of a 
continuous 5-0 arterial suture. The proximal end, supported by an inclosed extraluminal 
polyethylene sleeve, was inserted into the outflow tract of the right ventricle through a 
purse-string suture during 30 to 60 seconds of caval occlusion. The prosthesis was fixed 
to the myocardium by means of additional interrupted sutures. The thorax was closed 
anatomically. 

From the Clinic of Surgery, National Heart Institute, Bethesda 14, Md. 


Read at the Fortieth Annual Meeting of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 1960. 
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Right heart catheterization and angiocardiography were carried out in all survivors 
3 to 90 days after operation. Serial radiographs (2 per second) were made following the 
selective right ventricular injection of 70 per cent Urokon (1 ¢.c./Kg.). In all animals 
in which initial patency of the prosthesis was demonstrated, the study was repeated after 
an interval of at least 90 days (Fig. 2). Dogs in which the grafts were shown to be 
obstructed were sacrificed and the causes of failure determined. Three animals having 
patent grafts were sacrificed at intervals of 5 days to 171 days to observe the lumens, 
anastomoses, and ventricular orifices of the prostheses. 


RESULTS 


Fifteen of the 25 dogs in which the procedure was performed survived. Two 
died during operations because of technical errors. Delayed hemorrhage from 
ventricular detachment of the prosthesis (2 dogs) and disruption of the pul- 
monary artery.anastomosis (1 dog) accounted for 3 deaths. Massive postopera- 
tive atelectasis resulted in the loss of 3 dogs and infection caused the death of 
2. In 1 animal, which died with multiple pulmonary abscesses, the prosthesis 
was obstructed at the pulmonary artery suture line by thrombus. The grafts 
were patent in the 4 remaining dogs in which death could not be ascribed to 
technical inadequacy. ‘ 

The acute circulatory changes associated with insertion of the valveless 
unilateral prosthesis are illustrated in Fig. 3. Moderate elevation of systolic 
pressure and slight elevation of end-diastoiic pressure occurred in the right 
ventricle. The pulse pressure was increased in the pulmonary artery distal to 
the graft, the cardiac rate was increased, and the systemic arterial pressure 
remained at control level. 

-atency of the prosthesis was demonstrated in 10 of the 15 survivors at 
the time of the first study, 3 to 90 days postoperatively. The causes of early 
obstruction were kinking because of excessive graft length or atelectasis in three 
instances, improper ventricular insertion in one, and infection in one. Four 
prostheses which were initially patent were found to be obstructed at 3 months. 
In three, improper right ventricular insertion was responsible for obstruction, 
and in one, infection. 

The lumens of patent grafts were lined by thin fibrinous films at 5 days, 
and by 170 days this had become a densely adherent gray membrane. Neither 
the suture lines nor the ventricular orifices showed evidence of stenosis (Fig. 4). 


TABLE I. POSTOPERATIVE RIGHT HEART CATHETERIZATION DATA 
| POSTOP, | | | PA. 
INTERVAL | F.A. | R.A. R.V. S/D, MEAN HEART 
DOG NO. (DAYS ) | (MM. Hg) | (MM. Hg) | (MM. Hg) | (MM. Hg) | RATE 
472 A! 160/100 3-¢ 32/5 148 
502 6 140/100 - 36/6 140 
582 19 172/122 3- 40/6 164 
90 164/110 -f 38/5 160 
975 49 135/94 3-6 36/5 142 
90 193/147 -¢ 35/5 28/6, 14 180 
832 90 186/102 - 38/8 140 
Anesthetized normal 150/100 26/6 130 











; Legend: F.A. = femoral artery. R.A. right atrium, R.V. = right ventricle. P.A. = 


pulmonary artery (contralateral). 
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Fig. 1.—Method employed in replacement of the left main pulmonary artery with woven 
Teflon graft. The proximal end of the prosthesis is inserted into the right ventricle during 
brief caval occlusion. 


Fig. 2.—Angiocardiogram showing patent prosthesis between right ventricle and right pul- 
monary artery (A) in lateral view at 19 days and (B) in anteroposterior view at 90 days. 





GILBERT, CORNELL, COOPER J. Thoracic and 


Cardiovas. Surg. 


Postoperative right heart catheterization data comprise Table I. Minimal 
elevation was seen in the systolic pressure in the right ventricle; the systolic and 
diastolic pressures in the opposite pulmonary artery were normal. Systemic 
arterial hypertension and tachycardia of moderate degree were present in all 
animals, which were under light thiopental sodium anesthesia. 


“-Control =~. Graft In Place 
. Poe 40 - 
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20 
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Fig. 3.—Acute circulatory changes associated with the insertion of a valveless graft 
between the right ventricle and the left pulmonary artery. R.V. = right ventricle; P.A. = 
pulmonary artery; F.A. = femoral artery. 


COMMENT 


The replacement of portions of the main pulmonary arterial tree by means 
of Edwards-Tapp Teflon prosthesis seems feasible. Although the use of such 
material for this purpose appears to afford certain advantages over venous or 
aortic homografts, proper evaluation of its ultimate fate in the lesser circulation 
requires more prolonged observation. Unlike grafts inserted in systemic vessels, 
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pulmonary artery replacements must traverse the mediastinum virtually unsup- 
ported by adjoining structures. This, together with the low pressure in the 
pulmonary artery, predisposes toward obstruction by kinking, especially in the 
event of atelectasis. Despite the relative sparsity of adjacent tissues, intra- 
luminal healing of the Teflon prostheses appears to progress in accordance with 
the process described® following their insertion in systemic arteries. Stricture 
at the site of anastomosis, which has been reported after synthetic graft replace- 
ment of segments of the inferior vena cava,**? has not been observed in this 
experience. No histologic changes have been discernible in the vessels or pa- 
renchyma of the lung distal to the valveless grafts. 


ays 


é 


Fig. 4.—Teflon prostheses from dogs sacrificed (A) at 5 days and (B) at 171 days following 
insertion. 

Pressure measurements in the right ventricle demonstrate small but sig- 
nificant changes in systolic and end-diastolic pressures following insertion of a 
valveless unilateral pulmonary artery prosthesis and dilatation of this eardiae 
chamber was regularly noted. These findings reflect the increased end-diastolic 
volume and stroke output caused by regurgitation from one lung. The use of a 
graft of excessive length increases the resistance to flow to the respective lung, 
resulting in further elevation of right ventricular pressure. Increasing the flow 
through the prosthesis by occluding the opposite pulmonary artery accentuates 
this gradient and the elevations in systolic and end-diastolic pressures in the 
right ventricle. These observations emphasize the critical factors of graft length 
and proportion which must be considered in replacement of the main pulmonary 
artery and its bifureation. Although the infliction of regurgitation in the per- 
formance of pulmonary valvulotomy has not generally been accorded serious 
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concern, Fowler and Duchesne® have shown experimentally that the lesion may 
not be entirely innocuous. Replacement of the pulmonary artery with a graft 
which is inelastic, as well as valveless, imposes a more marked burden upon the 
right ventricle. The availability of a satisfactory prosthetic valve will sig- 
nificantly simplify this problem. Finally, it must also be recognized that the 
individual variables which may affect the hemodynamic consequences of pul- 
monary artery replacement in a patient with congenital heart disease may not 
necessarily be anticipated from studies performed in the normal dog. 


SUMMARY 


Woven Edwards-Tapp Teflon blood vessel prostheses were inserted between 
the right ventricle and a main branch of the pulmonary artery in 25 dogs, 15 of 
which survived chronically. Right heart catheterization and selective angio- 
eardiography were performed in the survivors and in 10 the grafts were found 
to be patent 5 days to 90 days postoperatively. Repeat studies disclosed that in 
4 animals, in which the grafts were initially patent, obstruction subsequently 
occurred within 90 days. The causes of failure, certain pathologie findings, and 
hemodynamic observations pertinent to this use of vascular prostheses are con- 
sidered. 
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A SIMPLE STAPLING DEVICE FOR THE 
ANASTOMOSIS OF BLOOD VESSELS 


Timothy Takaro, M.D., Oteen, N. C. 


A NUMBER of instruments have recently been described for the anastomosis 
of blood vessels by means of the simultaneous application of multiple small 
staples cireumferentially.t> While the usefulness of such devices, either ex- 
perimentally or clinically, has not yet been established, there is certainly room 
for the opinion that instruments which can perform a technically perfect anas- 
tomosis speedily at every application may ultimately find utility, especially in 
small blood vessel anastomoses and in organ transplantation. Therefore, basic 
experimental studies of the use of such instruments seem to be indicated. 

A device of but few components and of simple design has been constructed 
which has made possible the mechanical anastomosis of prosthetic grafts to blood 
vessels by intubation of the blood vessel, the stapling being carried out while 
blood is flowing through the junction between the vessel and the graft. This 
instrument, the technique used, and the results of laboratory experiments with 
this technique are described below. 


DESCRIPTION OF DEVICE 


One jaw of a previously described cylindrical vessel coupling device,’,7 bivalved to 
permit removal, was modified by fitting it with eight tiny shafts for housing staples and for 
guiding two four-pronged staple drivers (Figs. 1 and 2). On the opposing jaw, eight, pre- 
cisely placed, specially shaped indentations for clinching the staples -were fashioned. <A 
circular bivalved nut which was fitted onto the staple-housing unit served to force the staple 
driver prongs into the shafts, thereby pressing eight tiny staples across the interval between 
the clincher unit and the staple-housing unit, and causing the legs of the staples to be bent 
inward toward each other. The staples were made by hand of surgical stainless steel wire, 
or dental gold clasp wire, of 0.012 in. diameter, cut to produce a sharp point on each leg 
(Fig. 3). Leg lengths of the staples varied from 0.074 to 0.125 in. The width of the staples 
at the base was 0.086 in. The internal diameter of the staple-housing unit was 9 mm. and the 
external diameter, 12 mm. 


METHOD 


Elasticized Dacron grafts* were interposed in the thoracic aorta of 25 normothermic 
dogs, weighing 13 to 25 kilograms, using the stapling device just described for effecting one 


- i a the Cardiopulmonary Research Laboratory, Veterans Administration Hospital, 
een, 

This project was aided by a grant from the American Heart Association. 

Read at the Fortieth Annual i of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 

*“Flufion” Dacron, le by the Bentley, Harris Manufacturing Company, Consho- 
hocken, Pa. Two different sizes were used, measuring 13 mm. and 17 mm. flat. 
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anastomosis (Fig. 4). The other was sutured with arterial silk, with the aid of a previously 
described coupling device.? The staple-housing unit was first loaded with eight staples. 
Next, the two four-pronged staple drivers were engaged in the staple housing shafts. Then 
one end of an elasticized Dacron prosthesis was passed through the lumen of the staple- 
housing unit and cuffed back upon it, covering the openings of the staple-housing shafts. 
The other end of the graft was cuffed back upon the graft-bearing portion of the other 
coupling device. The prosthesis was preclotted with fresh blood. 

The animals were anesthetized with Nembutal and the trachea was intubated. A _ posi- 
tive pressure respirator was attached. The left pleural cavity was entered through the fifth 
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Fig. 1.—Stapling device disassembled, side view. 

A, Clincher unit, hinged to allow removal. 

B, Staple-housing unit, with staple drivers in place. This unit is also hinged. Note 
shallow groove near clincher end. 

C, Staple-driving nut, hinged to permit removal. 

D, Bolts to approximate clincher and staple-housing units. 





Fig. 2.—Stapling device, disassembled, end-on view. 

A, Clincher unit with jaws opened showing four depressions engraved in each semicircular 
jaw to clinch staples. 

B, Staple-housing unit with jaws opened showing four staple-housing shafts positioned 
exactly opposite the engraved depressions on the clincher unit jaws. Staple drivers and 
staples have been removed. 

‘i C, Circular staple-driving nut opened with fastening bolt removed and shown above 
e nut 








. 3.—A, Close-up of the 2 semi-circular staple drivers, the four prongs of which fit 
exactly into the four staple-housing shafts of each jaw of staple-housing unit. 
B, Close-up of staples. 





3 At left, long-legged staples; in middle, short-legged staples (see 
text); at right, staples which have been recovered from an aortic graft anastomosis, 
—— away the tissues, to show shape of clinched staples. 

eformed. 





Fig. 4.—Steps in technique of stapling prosthesis to aorta. 

A, Assembled stapler, side view. 

B, Stapler partially disassembled. 
of which are just visible, protruding from staple shafts for demonstration only. 


Staple-housing unit loaded with staples, the points 


In use, they 
are retracted within the shafts, out of sight. Note staple drivers in place. 
C, Dacron graft pulled through loaded staple-housing unit and cuffed back upon the 
groove overlying staple shafts. 
D, Everted graft inserted into aortic lumen. It is held in place temporarily by a wire 
loop held in a tonsil snare (not shown), until bolts can be applied. Ordinarily, clincher 
unit (also not shown) has already been positioned around the intact aorta. 


E, Bolts passed through staple-housing unit arms have engaged clincher unit arms and 
approximated the jaws of the stapler, locking aorta and graft in the interval between the 
jaws. The circular staple-driving nut has been applied and tightened against the staple 
drivers, forcing the eight staples across the interval between the jaws of the stapler and 
clinching them, completing the mechanical anastomosis. 


F, The stapler has been removed by disengaging the two main bolts, as well as the 
bolt fastening the circular nut, and opening the 3 major components on their hinges. This 
shows the appearance of the anastomosis after trimming off excess aorta. 


One at top was improperly 
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interspace; the mediastinal pleura was incised and reflected back from the aorta. The first 
five pairs of intercostal arteries were divided between ligatures, mobilizing the proximal 
descending thoracic aorta. The appropriate semi-circular opposing jaws of each coupling 
device were placed about the intact aorta near the proximal and distal ends of the isolated 
segment and the matching pairs fastened together to complete the circle. A holding suture 
of 5-0 arterial silk was placed near the proximal and distal ends of the isolated, intact aorta, 
and two loops of braided wire were placed around the aorta and tied onto tonsil snares, 
which were held ready for tightening. The aorta was then cross-clamped just distal to the 
subelavian artery and also at the level of the sixth intercostal artery, and the segment of 
aorta between the clamps was incised longitudinally. 

The staple-housing unit bearing the everted Dacron prosthesis was inserted into the 
lumen of the aorta at one end of the isolated segment, through the incision in the aortic wall. 
In order to keep the device from slipping out again while the approximating bolts were 
being applied, the device was held firmly in place in the aortic lumen by tightening the wire 
loop around that portion of the aorta which hugged the everted cuff of prosthesis. The two 
bolts were then slipped through the holes in the arms of the staple-housing unit, engaged in 
the holes in the arms of the opposing staple-clinching unit, and tightened a determinate dis- 
tance, sufficient to close the gap between the two circular jaws of the stapling device and 
to lock the aorta and the graft together in the interval between the jaws, but not sufficient to 
allow crushing of the aortic wall. 

A similar procedure was carried out at the other end of’the isolated segment of aorta. 
Aortie continuity was thus restored by an indwelling Dacron prosthesis which was locked 
into place proximally and distally by coupling devices. The aortic occluding clamps were 
removed, restoring blood flow through the thoracic aorta. The wire loops were loosened and 
removed. The segment of incised aorta between the two coupling devices was resected. 

The circular staple-driving nut was applied to the staple-housing unit and fastened in 
place with a small bolt. This circular nut was then turned clockwise on the unit, pushing 
the two staple drivers ahead, and forcing the eight small staples simultaneously through the 
graft and aortic walls and on into the indentations in the clincher unit. Further tightening 
of the nut with the aid of strong forceps caused the staples to be ‘‘clinched,’’ that is, the 
staple legs were bent inward toward each other. This completed the mechanical anastomosis. 
The bolts approximating the 2 circular jaws were removed and the bivalved circular jaws 
of the stapler were opened and also removed. Bleeding between the staples was controlled 
by wrapping the anastomosis in gauze and applying moderate pressure. Occasionally a few 
sutures of silk or a second row of staples had to be applied to control bleeding. The distal 
anastomosis was sutured with 5-0 arterial silk in the usual manner, after which this vessel 
couple was also removed, leaving the stapled and sutured prosthesis in the mediastinum. 
Following closure of the mediastinum over the graft, the chest was closed and drained for 
a few hours by a negative pressure suction pump. Occasionally a blood transfusion was 
given during surgery. Antibiotics were sometimes used. 

In 6 animals, for the reason just noted, two rows of staples, staggered with respect to 
each other, were placed. In 20 animals, the stapled anastomosis was the proximal one, while 
in 5, it was the distal anastomosis. Upon sacrifice or death of the animal, an autopsy was 
done and the engrafted aorta was recovered, opened, inspected, and photographed. Sections 
were taken across each anastomosis for histologic examination, after removal of the staples 
by fine wire cutters. The sutured anastomosis served as the control. From some animals, 
sections of both the stapled and sutured anastomoses, 1 cm. in width, were prepared and 
subjected to tensile strength measurements, using the inclined plane Scott tester,* the break- 
ing point of the anastomosis being used as the end point. In 8 animals, thoracic aortography 
was performed at varying intervals following surgery. 


*Made available through the courtesy of the American Enka Corporation, Enka, N. C. 
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RESULTS 


The procedure was carried out in 25 animals. The average time of aortic 
occlusion needed to interpose the graft and to lock it into place, re-establishing 
blood flow, was 514 minutes. Aortas, ranging in diameter from 1.3 to 2.0 em. 
in the blood-filled state, were successfully stapled with the single model avail- 
able. There were two immediate failures, one of which resulted in death of 
the animal on the table. Five animals died at intervals of 1 day to 4 months 
after surgery of hemorrhage, infection, or pneumonia. In 2 of these, the graft 
was occluded. The remaining animals, including 3 which developed paralysis 
of the hindquarters, were sacrificed at intervals from 1 week to 8 months or 





Fig. 5.—Thoracic aortogram, Animal 17, showing Dacron graft interposed in upper de- 
scending thoracic aorta. The proximal anastomosis, indicated by slight narrowing, was made 
with silk sutures with the aid of an Oteen vessel coupling device. The distal anastomosis 
was accomplished by the use of the stapling device and is indicated by the arrow. 


were allowed to survive, 8 being kept for long-term study (see Table I). Of 
the 25 instances, the graft was patent in all but 2 as shown at autopsy, upon 
aortography or by palpation of femoral pulses. Aortograms showed varying 
degrees of narrowing at both anastomoses, ranging from slight to marked, de- 
pending upon the disparity between the diameter of the blood-filled aorta and 
the diameter of the graft (Fig. 5). Calculation of the area of the aortic lumen, 
proximal to the stapled anastomosis and at the anastomosis, showed a reduction 
in area up to 75 per cent in a few instances, although the area at the anasto- 
mosis averaged only 30 per cent less than the area of the lumen of the graft 
itself. 

The results of thirty-one tests of the breaking point of the anastomoses per- 
formed on the inclined plane tester favored the silk sutured anastomoses. This 
was true of the specimens from 3 animals sacrificed within 2 weeks of operation, 
as well as from 5 animals allowed to survive up to 8 months. The average 
breaking point of stapled anastomoses occurred at 2.6 pounds of stretch (range 
1.2 to 5.2) compared with an average of 3.3 for silk (range 1.0 to 6.1). 
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PATHOLOGY 


Grossly, there was a rather obvious ridge at the stapled anastomosis within 
the aortic lumen in most specimens, where the graft was cuffed back upon itself. 
This resulted in moderate narrowing of the lumen. Fibrin collected at the 
base of the ridge early; later, fibrous tissue bridged the gap between the aortic 
intima and the inner surface of the graft. This was usually not as well de- 
veloped or as smooth as the union between the graft and the aorta at the sutured 
anastomosis. There was also a less obvious ridge and less narrowing of the 





Fig. 6.—Gross specimens of stapled aortic Dacron grafts. 

A, Graft from animal sacrificed 8 months after operation; the staples are scarcely 
visible and are covered with thin smooth fibrous tissue as is the sutured anastomosis at the 
other end of the graft. 

B, Graft from animal sacrificed 6 months after operation which shows deposits of fibrin, 
several millimeters in thickness, in mid-portion of graft. 


lumen at the sutured anastomosis. There was little or no inflammatory reaction 
in the tissues surrounding the holes which remained after removal of the staples. 
The elastic fibers were compressed at the site of the staples, but not in the areas 
between staples. Occasionally there was disruption of elastic fibers at the anas- 
tomotic site, probably from excessive compression of the media by the stapling 
device. In contrast to the stapled anastomosis, there was usually a mild to 
moderate inflammatory reaction around the silk threads at the sutured anas- 
tomosis. Compression and, less commonly, disruption of elastic fibers, presum- 
ably due to the coupling device, were seen at this anastomosis also. 

The grafts were lined in the immediate postoperative period with fibrin, 
which later became organized into a compact layer of fibrous tissue, grossly 
smooth and glistening (Fig. 6). However, in several specimens, deposits of 
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fibrin, up to a few millimeters in thickness, were found in the mid-portions of 
the graft as late as 6 months following operation. Two grafts were completely 
thrombosed in their mid-portions, 2 and 4 months following operation. In these 
animals there was microscopic or gross evidence of infection. 





Fig. 7.—Microscopic section of stapled aorta-Dacron anastomosis. 

A, Specimen shows everted cuff of graft (right) within lumen of aorta. Note_ridge 
formed by cuff of graft. The surface facing the lumen of the aorta is at the top. (Elastic 
tissue stain; X4.5.) 

B, Close-up of same specimen. Compression of elastic fibers by staple is well seen. 
There is no inflammatory reaction and no other medial injury. (Elastic tissue stain; x30.) 


DISCUSSION 


The earliest report of a vascular stapling apparatus, by Gudov, 10 years 
ago, is in Russian and was not available to us. This is apparently the precursor 
of the device described more recently by Androsov,'! which employs tantalum 
wire staples and is a complex, precision instrument of approximately 26 parts. 
It is said to be usable for suturing vessels from 1.3 to 15 mm. in diameter. 
Eversion of the ends of both vessels being joined is required. The instrument 
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was reported to have been tested in 394 experimental operations on dogs with 
excellent results; there was no narrowing at the anastomotic site, no thrombosis, 
no sear formation, and no inflammatory reaction around the clips. Details of 
these experiments were not given. 

A Hungarian stapling apparatus was described in 1953 by Bikfalvi and 
Dubeez? along with details of its use in 47 animals. Stapling of the abdominal 
aorta with this device was successfully accomplished in 27 animals, of which 
there were 18 survivors. The details of construction of the device are not easy 
to make out. Suturing was accomplished by U-shaped silver clamps. 

The third report of a blood vessel stapler to appear was that of Vogelfanger 
and Beattie from Canada.’ Again, the finer details of the mechanics of the 
instrument are not clear, but the construction seems to be considerably simpler 
than that of the preceding two. Tantalum U-shaped staples were used in the 
abdominal aorta of 10 pigs. Few details of the experimental work done were 
given in this report. 

The description of a stapling device of Japanese construction, by Inokuchi, 
next appeared.‘ This resembles the Russian stapler but is of simpler design. 
Alloyed steel clips were used in numerous animal “experiments. Again, few 
details were reported. However, in a personal communication, Dr. Inokuchi® 
kindly sent details of the results of experiments in 68 animals, comparing 
suturing techniques with stapling techniques in vessels ranging from 2.6 mm. 
to 9.0 mm. in size. There was clear-cut superiority of the stapling technique 
over suturing by hand using the Carrel technique, in both veins and arteries. 

The fifth stapling device of which we have knowledge is of a totally dif- 
ferent design and was reported by Sterling of Philadelphia.® This instrument 
does not place all the staples into the anastomosis simultaneously as the others 
do, but instead, singly, by a device which rotates the anastomosis through the 
stapler. No experimental or clinical applications were described. 

Our instrument, the sixth to appear, has the virtue of simplicity of design 
since it consists of but eight parts. It has functioned successfully over a fairly 
broad range of vessel sizes. Staples have been made of both stainless steel and 
of a gold alloy. 

The method of anastomosing graft to vessel by intubation of the vessel with 
the everted graft seems attractive because the vessel wall need not be trauma- 
tized by instruments nor everted on the coupling device. It seems to be con- 
siderably easier technically to intubate a vessel than it is to evert the cut end 
of a vessel over a device, especially if the vessel wall is thick or stiff because of 
disease. The technical excellence of some anastomoses, the metallic, nonreactive 
nature of the staples, and their minimal contact with the blood stream also 
recommend stapling methods generally. Speed of effecting the union is another 
advantage. 

On the other hand, the need for a special device of the correct size, smaller 
than the vessel to be anastomosed, may prove to be a serious disadvantage when 
working with vessels of small caliber. The collections of fibrin in the mid-portion 
of some grafts may be taken as evidence of the effects of turbulence due to nar- 
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rowing at the anastomotic junction in these animals. The thickness of the graft 
material (the everted cuff was 2 mm. in thickness) and the relative rigidity of 
the thick-walled thoracic aorta undoubtedly exaggerated the degree of narrowing 
which this technique produces. It is possible that with thin-walled veins as 
grafts to small arteries the degree of narrowing at the anastomosis may be in- 
significant. The report by Androsov and the experimental data provided by 
Inokuchi support this view. Our own experience with the use of this stapler 
in end-to-end anastomosis of the divided superior vena cava in animals also 
encourages us to expect better results with thin-walled vessels and prostheses. 

Another disadvantage of this technique is the need for graft material of 
sufficient elasticity to prevent wrinkling when the graft is everted upon the 
stapler. Braided nylon, elasticized ‘‘Fluflon’’ Dacron, and homografts, as well 
as autografts, have all been used successfully in such devices. 

Excessive bleeding between staples may be overcome by diminishing the 
distance between staples or by adding a second row of staples, staggered with 
respect to the first row. 

Cuffing of the blood vessel over the graft makes it necessary to free up 
longer segments of blood vessel than the ordinary suturing techniques require. 
It is possible, however, that the advantages of obtaining technically excellent 
anastomoses in small vessels, or speedy anastomoses in large vessels with multiple 
branches (aortic arch, thoracoabdominal aorta), by mechanical means may out- 


weigh the disadvantages of the additional dissection required to provide ade- 
quate cuffs of vessels. 


SUMMARY AND CONCLUSIONS 


1. A simple device, of but eight parts, for anastomosing a prosthetic graft 
to the canine thoracic aorta by intubating the aorta with the everted graft to 
achieve union is presented. Stapling is accomplished while blood is flowing 
through the device. 

2. The instrument was used to interpose an elasticized Dacron graft in the 
descending thoracic aorta of 25 animals. There were 2 operative deaths, and 
2 late deaths because of infection, with thrombosis of the graft. The remaining 
animals had patent grafts with anastomotic junctions which were technically 
excellent for the most part. 

3. Significant narrowing at the anastomotie junction, which was due in 
part to disparity between the aorta and the graft and in part to ecuffing of the 
vessel over the graft and of the graft upon itself, was observed in some animals. 
This may be overcome if prostheses sufficiently thin and elastic ean be produced 
to allow temporary distortion by the stapling device, until stapling can take 
place. Vein grafts would probably answer the purpose. 

4. A smaller model of the instrument, suitable for use in vessels 3 mm. in 
diameter, is being constructed. It is in the area of small vessel anastomoses that 
such devices may find their greatest usefulness. 
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We wish to acknowledge with gratitude the very real contribution of Mr. A. W. 
Chattaway of the Asheville Tool and Gauge Company in helping to plan this stapling device 
and in constructing the initial model. 
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EXPERIMENTAL LEFT CORONARY ARTERY PERFUSION 
THROUGH AN AORTOTOMY DURING 
CARDIOPULMONARY BYPASS 


James B. Littlefield, M.D. (by invitation), Edward M. Lowicki, M.D. 
(by invitation ), and William H. Muller, ]r., M.D., Charlottesville, Va. 


a= surgical approach on the aortie valve often necessitates a prolonged 
aortotomy, during which time the maintenance of myocardial nutrition is 
mandatory. The desirability of utilizing coronary artery perfusion to maintain 
nutrition in the bypassed heart with an ascending aortotomy is now well estab- 
lished. Clinically, we have found left coronary artery perfusion to be very 
satisfactory and the approach to the aortic valve is facilitated with a single 
cannula in the operative field.1_ The difficulties associated with retrograde coro- 
nary perfusion have been presented by Shumway’ and Melrose.* 

Our interest in experimental coronary artery perfusion began 2 years ago 
during the laboratory investigation of prosthetic aortic valve replacement. It 
was immediately apparent that the lack of a suitable cannula tip to accommodate 
the coronary ostia of the dog limited successful coronary artery perfusion 
through an open aortotomy. Other investigators have reported similar experi- 
ences.” * Fig. 1 shows several cannulas which were studied before the tip (Fig. 
1, e) now used experimentally for left coronary artery perfusion was developed. 
The multiple holes present are necessary to avoid obstruction of the blood flow to 
early branches of the left coronary artery. 


EXPERIMENTAL METHOD 


Sixty-one dogs (10.9 to 18 kilograms) were studied, 15 as controls, 24 in acute experi- 
ments, and 22 as survivor animals. Sodium pentobarbital anesthesia was used and positive 
endotracheal pressure (9 to 12 em./water) was maintained by a mechanical respirator. <A 
right thoracotomy through the fourth intercostal space and complete pump dependency 
(utilizing a dise oxygenator) were employed. The ascending aorta was cross-clamped within 
the pericardium and a 2 em. oblique incision was made just above the aortic valve. The 15 
control animals were studied by allowing blood from the left ventricle to flow freely through 
the open aortotomy, where it was removed hy suction until either ventricular fibrillation or 
cardiac arrest occurred. In the remainder of the animals, a single coronary perfusion can- 
nula, connected either to the arterial line of the pump or to a reservoir (500 ml. bottle) 

as _ the Department of Surgery, University of Virginia School of Medicine, Charlottes- 
ville, 
' beunian by U. S. Public Health Service Grants H-2038 and H-4642. 


Read at the Fortieth Annual Meeting of The American Association for Thoracic Surgery 
at Miami Beach, Fla., May 11-13, 1960. 
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suspended 100 em. to 110 em. above the heart, was inserted into the left coronary ostium. 
Blood flow from the left ventricle was aspirated through the aortotomy. The right coronary 
ostium was not perfused. The suspended reservoir maintained a constant pressure of 74 to 
80 mm. Hg5 and continuous perfusion was performed for periods of 15 to 60 minutes at 
temperatures between 28° and 36° C. (esophageal and rectal). Coronary artery flow rates 
measured prior to perfusion varied from 50 ml. to 150 ml. per minute. A cannula was placed 
into the right auricle in 17 of the animals studied and total coronary venous flows (coro- 
nary sinus plus anterior cardiac venous return) were measured with a graduate cylinder; 
coronary venous samples for oxygen determination were drawn at intervals. Distal aortic 
pressures, continuous electrocardiographie tracings, coronary venous flows, temperatures, and 
coronary arteriovenous oxygen saturations (determined photoelectrically) were recorded. 
At the completion of coronary artery perfusion, the aortotomy was closed, the aortic clamp 
released, and pump dependency discontinued as soon as the animal’s temperature reached 
34° C. <A section of Gelfoam saturated in protamine was placed over the aortotomy 
immediately after closure to produce local clotting until protamine sulfate had been admin- 
istered systemically. Postoperative electrocardiograms were taken at intervals in the survivor 
animals, Digitalis was used in only 2 animals that died within a few hours after operation. 














Fig. 1.—These metal cannula tips were studied during this investigation in developing 
.tip e, now in use for left coronary artery perfusion in the experimental animal. Tips a, and c, 
were designed to fit within the coronary ostium and did not have to be held in place. Tip e, 
may be used on either a malleable or firm metal cannula; it is 5 mm. in length with an in- 
ternal diameter of 3.5 mm. 


RESULTS 


The success of this investigation was limited by several factors, (1) the need 
for a specially designed cannula tip to accommodate the dog’s left coronary 
ostium, (2) anatomic variations of the left coronary artery characterized by an 
immediate bifureation, trifureation, or double ostium, (3) the difficulty in main- 
taining proper alignment of the coronary cannula during prolonged periods of 
perfusion, (4) the dog’s small, friable, ascending aorta, and (5) complications 
associated with extracorporeal circulation. 


Control Studies—In the 15 control animals studied (Table I) ventricular 
fibrillation or cardiac arrest occurred within 8 to 45 minutes after opening the 
aorta. The electrocardiogram in 5 of these dogs showed regular electrical ac- 
tivity (without ventricular fibrillation) after 60 minutes, even though the heart 
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visibly was in arrest. Coronary artery perfusion was not performed at any time 
in the control group. Through the open aortotomy of the control animals, we 
observed that there was always a small, slow flow of blood running from both 
coronary ostia into the aorta, irrespective of cardiac rhythm. We have made 
this same observation during other investigations, while employing cardiac arrest 
and an open aortotomy, in the empty, bypassed heart. 


TABLE I. CARDIAC RESPONSE OF 15 CONTROL ANIMALS TO AN OPEN AORTOTOMY WITHOUT 
CORONARY PERFUSION DURING BYPASS 








MEAN PERIOD BETWEEN OPENING AORTA AND 
ONSET OF CARDIAC ARREST OR 
MEAN TEMPERATURE ANIMALS STUDIED VENTRICULAR FIBRILLATION 
31°-33° C. 5 26.0 minutes 
33°-35° C. 5 9.2 minutes 
ao -at” ©. 5 26.0 minutes 








Acute Studies.—These 24 experiments were terminated acutely because of 
technical difficulties encountered during the procedures. Excessive aortotomy 
bleeding, anatomic variations of the left coronary artery, high plasma hemo- 
globin, unsuitable coronary cannula tips, and complications of extracorporeal 
circulation were the major problems in this group. Fifteen of these dogs were 
studied during the first 25 experiments while a suitable cannula tip was being 
developed and the operative procedure standardized. 


Survivor Studies.—Twenty-two dogs survived from 3 hours to 314 months 


(Table IL). The early deaths, within 9 days, resulted from: generalized bleed- 
ing secondary to cardiopulmonary bypass or postoperative hemorrhage from the 
aortotomy; sudden death of undetermined cause; infection; cardiac failure; 
- myocardial infarction; and a high plasma hemoglobin (270 to 400 mg. per cent). 
There was one late death due to empyema. 


Continuous perfusion of the left coronary artery was performed, without 
ventricular fibrillation, for periods of 15 to 60 minutes; the cardiac rate during 
perfusion varied between 60 and 90. Flows from the coronary cannula (50 
ml. to 150 ml. per minute) were measured prior to perfusion but angulation 
of the cannula plus coronary vascular resistance reduced these initially deter- 
mined flows. We found the most accurate determination of coronary perfusion 
was obtained by measuring the total coronary venous return from the right 
auricle. Total coronary venous flow in the nonworking, bypassed heart, before 
left coronary artery perfusion, averaged 53 ml. per minute; flows from 40 ml. 
to 50 ml. per minute proved adequate during perfusion. The suspended reser- 
voir filled with oxygenated blood from the pump permitted coronary perfusion 
at a constant pressure of 74 to 80 mm. Hg; this was technically preferable to 
direct perfusion from the arterial line of the pump, although both methods were 
used successfully in this study. 

Results of the mean coronary arteriovenous oxygen differences, expressed in 
per cent saturation, are summarized in Fig. 2. The bypassed, nonworking heart 
shows a value of 37.5 per cent which falls to 24.3 per cent (sinus rhythm) and 
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TABLE II. RESULTS OF THE 22 ANIMALS STUDIED IN SuRVIVOR EXPERIMENTS WITH LEFT 
CORONARY ARTERY PERFUSION ALONE 





| | DURATION | | 


| | OF LEFT 
| CORONARY | 
PERIOD | NUMBER | ARTERY | CARDIAC RHYTHM | 
OF | OF PERFUSION | DURING PERFUSION | 
SURVIVAL |ANIMALS| (MIN.) | SINUS  |VENT. FIB.| COMMENTS 
Cause of death 
12 hours 4 60 x Postoperative hemorrhage (aortotomy ) 
or less 60 a Right heart failure 
20 x Cause undetermined 
17 x High plasma hemoglobin (270 mg. %) 





12 to 24 j 18 x High plasma hemoglobin (400 mg. %) 
hours 30 > Right heart failure* 
33 x Postoperative hemorrhage 
37 x Right heart failure* 
45 x Postoperative hemorrhage 
45 x Postoperative hemorrhage 


1 to 9 15 x High plasma hemoglobin (400 mg. %) 
days 24 x Infarction of right ventricle 
25 Empyema (9th day) 
30 x Complication of pump-oxygenator 
30 x Postoperative hemorrhage 
47 x Postoperative hemorrhage (aortotomy) 
48 x Postoperative hemorrhage 


6 weeks § 18 x Sacrificed at 8 weeks 
or 20 < Sacrificed at 6 weeks 
longer 20 x Sacrificed at 14 weeks 

21 x Sacrificed at 8 weeks 
23 x Empyema (6 weeks) 





*One dog showed immediate bifurcation and the other immediate trifurcation of the left 
coronary artery 


24.7 per cent (ventricular fibrillation) during perfusion of the left coronary 
artery. After unclamping the aorta there is an additional fall to 21.7 per cent 
in the bypassed heart. The mean oxygen consumption of the entire heart during 
left coronary artery perfusion was 2.54 ml. per 100 Gm. heart weight per minute 
in normal sinus rhythm and 2.74 ml. per 100 Gm. heart weight per minute with 
ventricular fibrillation. In Fig. 2 the results of this investigation are compared 
with the experimental coronary perfusion studies of others in the totally by- 
passed, nonworking heart® and in the nonworking heart separated from the 
body as an isolated preparation.’ The results under these three conditions are 
essentially the same during adequate coronary perfusion. 


Electrocardiographie studies in this investigation demonstrated that when 
coronary perfusion was inadequate, during the open aortotomy, evidence of 
myocardial ischemia was present throughout the perfusion period and often 
persisted until the death of the animal. When adequate coronary perfusion was 
maintained, however, even during periods of ventricular fibrillation with the 
aorta open, electrical defibrillation was usually immediate and prompt cardiac 
recovery followed. None of the long-term survivor animals developed ventricu- 
lar fibrillation or other significant arrhythmias during their investigation. 
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DISCUSSION 


This study demonstrates several important factors which limit successful 
left coronary artery perfusion in the experimental animal, and the need for 
utilizing a special cannula tip to accommodate the dog’s left coronary artery. 

Adequate left coronary artery perfusion was performed from a suspended 
reservoir which maintained a pressure above 74 mm. Hg. Jardetzky and as- 
sociates’ have shown that a constant perfusion pressure of 65 mm. Hg furnishes 
an adequate coronary flow, with an unaltered oxygen consumption for 3 hours, 
in the isolated, empty, nonworking, dog’s heart with sinus rhythm. 


HYPOTHERMIA 
375° C. MEAN 32° C. 375°C. 


[ tsovateo | 
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SINUS VENTRICULAR 
RHYTHM FIBRILLATION 


Fig. 2.—Coronary arteriovenous oxygen differences of this study are shown in the middle 
section and are compared with results from the investigation of Willman et al.®° (totally 
bypassed closed heart) and studies summarized by Gregg? (isolated heart preparation). All 
are studies in the dog heart. Normal sinus rhythm is shown in solid black and ventricular 
fibrillation by cross-hatching. 


Continuous left coronary perfusion alone was performed from 15 to 60 
minutes in this investigation without fibrillation. Shumway? has reported 
similar results during 15 minutes of left coronary artery perfusion. We found 
during prolonged periods of ventricular fibrillation, with adequate left coronary 
artery perfusion, that electrical defibrillation was immediate and cardiac re- 
covery prompt. These findings have been substantiated clinically and apparently 
ventricular fibrillation during an open aortotomy is not harmful, providing the 
coronary vascular bed is adequately perfused. 

The mean coronary arteriovenous oxygen differences (using animals of 
about equal size), during adequate left coronary artery perfusion at an average 
temperature of 32° C., were the same in the presence of ventricular fibrillation 
or a normal sinus rhythm (Fig. 2). Willman, Neville, and Hanlon® reported 
similar values in the normothermic, nonworking, bypassed, dog’s heart, without 
an aortotomy ; both coronary arteries were perfused normally in their investiga- 
tion. Gregg’s’ summary of studies in the normothermic, isolated, nonworking, 
canine heart with sinus rhythm showed the coronary arteriovenous oxygen 
difference to be approximately the same as the open, nonworking, left coronary 
perfused hearts during sinus rhythm of this investigation (Fig. 2). 
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The myocardial oxygen consumption during left coronary artery perfusion 
of the nonworking, open heart, in this experimental study, was the same with 
fibrillation or normal sinus rhythm. Beuren, Sparks, and Bing® found no 
statistical difference, in the closed chest dog, between the oxygen consumption 
of the artificially perfused, empty heart during sinus rhythm or ventricular 
fibrillation. 


SUMMARY AND CONCLUSIONS 


1. Continuous left coronary artery perfusion alone may be performed for 
prolonged periods through an ascending aortotomy without ventricular fibrilla- 
tion. This procedure is frequently limited by the anatomic variations of the 
dog’s left coronary artery. 

2. Arterial perfusion which provided a total coronary venous return of 
40 ml. to 50 ml. per minute was adequate in the nonworking heart with an 
ascending aortotomy. 

3. Coronary artery perfusion from a suspended reservoir at a constant 
pressure of 74 to 80 mm. Hg was preferable to arterial perfusion from the 
pump, although both methods were used successfully. 

4. Coronary arteriovenous oxygen differences and oxygen consumption in 
the nonworking dog’s heart, during left coronary perfusion through an aortot- 
omy, were approximately the same with normal sinus rhythm and ventricular 
fibrillation. 

5. The long-term survivor animals did not develop fibrillation during their 
investigation. However, in other dogs, when adequate coronary artery perfusion 
was maintained during periods of ventricular fibrillation, electrical defibrillation 
was immediate and cardiac recovery prompt. 

6. The most important single factor contributing to cardiac recovery during 
an open aortotomy in this investigation was continuous adequate coronary per- 
fusion, irrespective of variations in temperature, cardiac rhythm, and the 
method or duration of perfusion. 


7. Clinically left coronary artery perfusion, performed from the arterial 
line of the pump through an ascending aortotomy, has proved very satisfactory 
regardless of the duration of perfusion. In the experimental animal, prolonged 
left coronary artery perfusion may be a complicated procedure and is difficult 
to execute consistently with success. 


We wish to express our appreciation to Mr. Thomas Perry, Mr. Eugene Varga, Mrs. 
Mary E. Garrard, and Mr. Boyd Perry for their technical assistance. 
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THE GROWTH OF CARDIOVASCULAR CHAMBERS 
FOLLOWING CARDIAC AND AORTIC SURGERY 


Sigmund A. Wesolowski, M.D. (by invitation ),* Lester R. Sauvage, M.D. 
(by invitation), Philip N. Sawyer, M.D. (by invitation ),** Karl E. 
Karlson, M.D., and Lester Fox, M.D. (by invitation), 

Brooklyn, N. Y., and Boston, Mass. 


Fino DEVELOPMENT of intracardiac surgery for the correction of human con- 
genital cardiac defects has been so rapid as to outstrip the available knowl- 
edge from the experimental laboratory concerning the long-term fates of the 
intracardiac procedures performed. This communication presents the results 
of our initial characterization of the growing pig preparation which we feel 
gives equivalent long-term results very rapidly. In this preparation all cardiac 
and vascular diameters double in a 6-month period of maturation, ‘‘degenera- 
tive’’ ealeifie changes occur in or around implants during this 6-month period, 
and this preparation has proved to be a very sensitive indicator of aberrations 
in the outflow tracts of the ventricles and great vessels. 


METHOD 


Left Ventricular Studies.—The present report includes 209 pigs bearing 
5.5 em. long, isodiametrie grafts of various materials which replaced resectional 
defects of the descending thoracic aorta. These grafts were implanted at pig 
bedy weights of from 14 to 44 pounds (10 to 12 weeks of age). Pigs were 
allowed to mature for 6 to 12 months to be slaughtered at an average body weight 
of 235 pounds. At slaughter, the heart and thoracic aorta were removed from 
each animal; the aorta containing the graft was x-rayed after inflation with air 
at 120 mm. Hg pressure. Details of the fates of these grafts will be published 
elsewhere.’ Measurements of internal diameters were taken from the roent- 
genograms: graft diameter used was the minimum internal diameter while the 
distal aortic diameter used was the largest diameter between the distal end of 
the graft and the first patent intercostal artery. In the stenotic grafts, post- 
stenotic dilatation was corrected for as shown in Fig. 1. The hearts of these 
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same animals were trimmed in the fresh state as follows: the right ventricle was 
cleanly excised from the atrium at the tricuspid valve ring and from the ven- 
tricular septum and included that portion of the pulmonary artery bearing the 
sinuses of the pulmonary valves; the left ventricle included the ventricular sep- 
tum but excluded the entire aorta and atrium at the aortic and mitral valve 
rings, respectively. The cavities and muscular trabeculae were cleaned of all 
thrombi and each ventricle separately weighed. Good reproducibility of this 
ventricular trim technique in our hands is demonstrated in Table I and has 
independently been reported by Busch? as a valid technique for studying the 
human heart. 


TABLE I. VENTRICULAR TRIM—NORMAL ADULT PIG HEART 








OBSERVER | NUMBER OF HEARTS | MEAN RV/LV | STANDARD DEVIATION 
SB. AL Ww.” 6 33.5% 1.8% 
S. A. W.* 19 31.9% 1.8% 

1. ep Je 12 33.7% 1.6% 
Ae 11 34.0% 2.0% 
*Trimmed all hearts in remainder of study. 


** Author. 
***Graduate Nurse Research Assistant. 
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Fig. 1.—Diagram of the method for correction of diameter relationship in the presence 
of post-stenotic dilatation. The dotted lines represent the normal aortic taper in the absence 
of stenosis or post-s‘enotic dilatation. Corrected percentile patency, therefore, is equal to 
diameter at 1 / diameter at 2 x100 per cent. 


Right Ventricular Studies.—This report also includes 11 other pigs in which 
one of four different right ventricular outflow tract aberrations was created at 
the standard pediatric age: 2 pigs had simple resection of one pulmonic valve 
cusp using a partial occlusion technique; 2 pigs had simple elliptical excision 
of a portion of the infundibulum, one pulmonic valve cusp and sinus with simple 
closure and bicuspidization of the pulmonic valve using a partial occlusion tech- 
nique—the average systolic gradient produced by this degree of stenosis at 
operation was found to be 8 mm. Hg; 2 animals had simple elliptical excision 
as above and replacement of the excisional defect with an isometric Ivalon patch 
of 8:1 compression ratio; the remaining 5 animals had elliptical excision with 
isometric replacement of the excisional defect with autologous fibrous peri- 
eardium. Patch replacements were accomplished using moderate depth im- 
mersion hypothermia and inflow-occlusion for 3 to 5 minutes; these patches 
averaged 2.7 by 2.0 em. at implantation. These animals were allowed to mature 
(as above). At slaughter, the heart was removed, x-rayed in the anteroposterior 
and lateral projections with the pulmonary artery and right ventricle inflated 
with air at a pressure of 30 mm. Hg. The ventricles were individually trimmed 
and weighed as above. 
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Fig. 2.—a, Graph which plots percentile RV/LV weight ratios for various right ventricular 
outflow tract aberrations. Controls are 6 pigs with no cardiovascular lesions. P.V.R. = 1 E 
pulmonic valve resection. R.V.J. = Ivalon patch in right ventricular outflow tract. #V.P. = 
free autologous pericardial patch in right ventricular outflow tract. P.V.S. — elliptical excision 
of one cusp of pulmonic valve with bicuspidization of remaining ,-valve. The solid black lines 
in the controls represent values of +1 S.D. whereas the dotted lines represent values of +1 S.D. 
for the entire group of pigs with right ventricular outflow tract aberrations. Note that there 
is no overlap of the two sets of standard deviations. 

, Graph which demonstrates the percentile increases over control values of the weights 
of the right ventricle, left ventricle, and total body in pigs bearing free pericardial patches re- 
placing elliptical excisions of one pulmonic-valve cusp. All control and RVP pigs were mature 
at the time of slaughter; the pericardial patches had been inserted at 12 weeks of age. 








A. B. C. F. 


Fig. 3.—Lateral roentgenograms of the right ventricular outflow tract and main pulmo- 
nary artery of the hearts of pigs. All pigs were operated upon at about 30 pounds of weight 
and all were mature (200 pounds or more) except in B (76 pounds) at death or sacrifice. 
Tract in B filled with Diodrast; all others inflated with air at 30 mm. Hg pressure. A, Normal 
adult pig. B, Resection 1 cusp ‘pulmonic valve; note increased trabeculation of right ventricle. 
C, Elliptical excision of 1 cusp with bicuspidization of the pulmonic valve; note preservation of 
same degree of stenosis with growth and post-stenotic dilatation of pulmonary artery here and 
in D. D, Elliptical excision with Ivalon patch replacement with development of slight ong 
with growth because of the inability of growth of the Ivalon patch; note also calcification o 
the Ivalon patch verified by histologic examination. FH, Elliptical excision with free cariceraies 
patch replacement with preservation of relatively normal diameter relationships with growth 
F, same as E but with aneurysmal dilatation of pericardial patch. 
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RESULTS AND CONCLUSIONS 


There is a gross correlation between age and ventricular weights, but the 
ratio of the individual weights of the ventricles (RV/LV) of all animals beyond 
20 weeks of life was found to fall within the normal adult ratios listed in Table 
I. The RV/LV weight ratio was used, therefore, as the cardiac parameter to be 
studied. 


Right Ventricular Studies.—In all 11 animals with minimal right ventrie- 
ular outflow tract aberrations there was a significant increase in the RV/LV 
weight ratio as summarized in Fig. 2, a; this increase was due to increase in 
the RV weight over control values as summarized in Fig. 2, b which also demon- 
strates that the ventricular changes are independent of body weight. Eight of 
these animals and the 6 control animals with no outflow tract aberrations were 





. Fig. 4.—Roentgenograms of examples of graft stenosis at coarctation site. Specimens 
inflated with air at 120 mm. Hg pressure. Upper, aortic autograft with 100 per cent patency 
(0 per cent stenosis). Middle, prosthetic graft with 50 per cent patency. Lower, prosthetic 
graft with complete occlusion or 0 per cent patency. Note the calcific changes within the 
latter prosthetic graft. 





slaughtered between 5 to 6 months after operation. Three animals died as 
follows: 1 with pulmonic valve regurgitation died of pneumonia 118 days after 
operation, another with the same lesion died of large bowel obstruction caused 
by rectal prolapse at 134 days, and the third, with stenosis, died with congestive 
heart failure 36 days after operation. The gross changes in the right ventricular 
outflow tract are summarized in Fig. 3. Space does not permit the detailed 
description of these changes but suffice it to say that pulmonary valve stenosis 
or regurgitation of a degree considered to be clinically insignificant produces 
ventricular changes easily detectable in the preparation of the growing pig 
within a 6-month period of maturation. 
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Left Ventricular Studies.—In the 209 animals implanted with various kinds 

of isodiametrie grafts to replace defects in the upper descending thoracic aorta, 
varying degrees of graft stenosis were observed to occur consequent to matura- 
tion. Examples of graft stenoses are shown in Fig. 4. The RV/LV weight ratio 
was proportionately lowered at graft diameters less than 50 per cent of the 
average adult pig aortic diameter at the standard graft site (Fig. 5). When the 
degree of stenosis was corrected for varying aortic diameter (and also for post- 
stenotic dilatation as shown in Fig. 1), the RV/LV weight ratio is shown to 
decrease at all degrees of stenosis, even at high patency values (graft diam- 
eter/distal aortic diameter), as demonstrated in Fig. 6, a. That the lowering of 
the RV/LV weight ratio is due to increase in the left ventricular weight below 
80 per cent graft patency values is demonstrated in Fig. 6, b. Indeed, below 
60 per cent patency there is a smaller and concomitantly progressive increase 
in the right ventricular weight. This rise in right ventricular weight is of a 





15 10 5 
MINIMAL GRAFT DIAMETER-mm. 





Fig. 5.—Graph which plots percentile weight RV/LV against minimal graft diameter. 
From simple observation of these data it would seem that there is no aberration of the RV/LV 
weight ratio until the stenosis is less than 10 mm. which apparently is about 50 per cent of 
the normal aortic diameter at this site. 


lower order of magnitude than the left ventricular rise and may well be due to 
an elevated end diastolic left ventricular pressure (and therefore elevated pul- 
monary cireuit pressure) consequent to left ventricular hypertrophy. It is 
sufficient to the purposes of this communication, however, to point out that there 
are easily detectable effects upon the heart of even mild degrees of stenosis of 
the outflow tract of the left ventricle even at some distance removed from the 
aortic valve, such as in the upper descending thoracic aorta. These changes 
with growth of the animal can be detected within a 6-month period of observa- 
tion. 


DISCUSSION 


What is the significance of aneurysm formation of autologous pericardium 
implanted into the outflow tract of the right ventricle? In the pig the fibrous 
pericardium is much more flimsy than in the dog and human being. This is 
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demonstrated by the fact that free autologous pericardial implants used to re- 
place thoracic aortic defects in the growing pig® rupture within a week after 
operation, whereas those in the adult dog* remain intact for periods of 18 
months or more without rupture or aneurysm formation. 

What is the significance of ventricular hypertrophy? Certainly lesions that 
produce marked degrees of ventricular hypertrophy can be lethal and it would 
seem reasonable to assume that minimal degrees of hypertrophy are innocuous. 
Moderate degrees of ventricular hypertrophy, as found in this study, are well 
tolerated on short-term follow-up but we have no data as to the relationship of 
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Fig. 6.—a, Graph which plots percentile weight RV/LV against percentile patency which 
corrects for varying aortic diameter distal to the site of stenosis. With such correction, 
even mild degrees of stenosis in the coarctation site are detected by the RV/LV weight ratio. 

b, Graph which plots percentile deviation from control values of ventricular weights 
against percentile patency of grafts at the coarctation site. Note that the left ventricular 
weight increases at patency values below 80 per cent and that a smaller percentile increase 
in right ventricular weight occurs at patency values below 60 per cent. 


moderate ventricular hypertrophy to longevity or to increased susceptibility to 
angina pectoris on long-term follow-up. Without entering into a discussion of 
surgical philosophy, the procedure which leads to less ventricular hypertrophy 
would be the preferable. It is suggested that choice of intracardiac procedure 
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could be accurately and rapidly screened in the growing pig preparation and, 
thus, accelerate the progress of intracardiac surgery. 

What is the significance of calcification of Ivalon implants into the heart? 
The report of Blumberg, Griffith, and Merendino! that Ivalon implants in the 
human can ealeify, become rigid, and erode an aortic valve leaflet demonstrates 
that calcification of a prosthetic may be undesirable. The present communica- 
tion demonstrates that the preparation of the growing pig can detect calcific 
deposit in prosthetic cardiac implants within a period of 6 months. 


SUMMARY 


1. Lesions simulating clinically minimal pulmonie stenosis, pulmonary valve 
regurgitation, and right ventricular outflow tract widening, using patches of 
Ivalon or autologous fibrous pericardium, have been produced in growing pigs. 
The pigs were allowed to mature. 

2. In a large series of growing pigs, defects of the thoracic aorta were 
bridged, using various graft materials. At maturity these grafts were found 
to be variously stenosed. . 

3. The right ventricular weight and RV/LV weight ratio were found to be 
moderately elevated over control values in all of the mature pigs bearing minimal 
right ventricular outflow tract aberrations. 

4. Ivalon implants in the outflow tract of the right ventricle produced mild 
stenosis with growth and attracted calcific deposit while free autologous fibrous 
pericardial implants formed aneurysms. 

5. Stenosis at the thoracic aortic coarctation site produced increase in left 
ventricular weight and decrease in the RV/LV weight ratio when compared to 
control values. These changes were observed when the stenosis was greater than 
20 per cent. (Less than 80 per cent patency.) Lesser increases in right ven- 
tricular weight were also observed at diameter ratios less than 60 per cent; the 
latter increases did not correlate with differences in age or body weight of the 
animals. 

6. It is concluded that the growing pig can be used as a sensitive prepara- 
tion for the rapid sereening of the comparative hemodynamic effectiveness and 
expected clinical worth of cardiae and thoracic aortic surgical procedures. It is 
further suggested that, in addition to such screening, certain other species- 
transferable data, such as calcification of cardiovascular implants, can be con- 
comitantly gained. 
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DISCUSSION 


(PAPERS BY BURMAN [PAGE 635], LoNG [PAGE 640], SMYTH [PAGE 653], GILBERT [PAGE 
667], TAKARO [PAGE 673], LITTLEFIELD [PAGE 685], WESOLOWSKI [PAGE 692], AND THEIR 
ASSOCIATES ) 


DR. CHARLES ROSS, Buffalo, N. Y.—The use of nitrogen mustard in the manage- 
ment of bronchogenic carcinoma has been studied for the last 214 years by a cooperative 
group. There were 22 investigators participating in this study. 

The nitrogen mustard was given at the time of surgery, initially in a dose of 0.4 mg.; 
later, when the study became a double blind study, in the amount of 0.3 mg./Kg. 

The complications were higher. The mortality rates were identical in the two groups. 
This slide is a life table analysis of survival, and the 244 year survival is 30 per cent. 
There is identical survival in the treated as well as the control group. 

So we can surmise that nitrogen mustard used in this fashion will not prolong survival 
in the surgical treatment of bronchogenic carcinoma. 


DR. PAUL NEMIR, JR., Philadelphia, Pa.—It is our opinion too that this method of 
regional perfusion is a reasonable one in nonresectable carcinoma of the lung, and have had 
occasion to use it. 

[Slide] This slide is of a 60-year-old man with undifferentiated carcinoma of the 
right lung and mediastinal metastases. We gave this man 0.4 mg./Kg. of nitrogen mustard 
in 33 ml. with 4 mg. of Renografin, and kept the balloon occluded for a period of 12 minutes. 
On this film, taken at 7 minutes after the administration of cancericidal agent, you can 
still see the contrast material in the lung vasculature. 

The patient experienced an extreme hot flush on the right side of the chest during the 
period of occlusion. As soon as the balloon was deflated, he experienced the generalized hot 
flush that one gets with nitrogen mustard in a single dose. While there may have been slight 
leakage, we consider this supporting evidence that the cancericidal agent remained fairly 
well localized for a period of 12 minutes. 

It has now been about 3 weeks since the perfusion. We believe that there has been a 
definite regression in the size of the lesion in the lung, but we have run into the same diffi- 
culty that Dr. Smyth reported. 

[Slide] This is the chest film taken 48 hours after perfusion. You can see the chemical 
pneumonitis that has occurred in the right lower lobe. This has been clearing, but what the 
final status will be, we don’t know. 

We are in the midst of studying experimentally the effect of cancericidal agents on the 
vessels. I think that it is encouraging that there has been some decrease in the size of the 
lesion in the lung. 


DR. HARRIS B. SHUMACKER, JR., Indianapolis, Ind.—Although I have had no 
opportunity clinically to utilize grafts from the right ventricle to the pulmonary artery, 
I thought you might be interested in an unusual case in which a graft was interpolated 
between the pulmonary trunk and one main pulmonary artery. 

This was a case of an 11-month-old child who had done very badly. He had episodes 
of intermittent cyanosis and very poor weight gain. During his admission to the hospital 
he lost weight in spite of the best medical treatment. X-ray studies showed evidence of 
right ventricular hypertrophy and increase in pulmonary vasculature. 

The first catheterization study had to be carried out with continuous administration 
of oxygen, and was not entirely satisfactory, but a subsequent one was more satisfactory. 
At the second catheterization the femoral artery saturation was only 52 per cent without 
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oxygen, but rose to relatively normal levels with administration of oxygen. The pressure 
in the pulmonary trunk was equal to that in the aortic arch. The left main pulmonary 
artery arose from the pulmonary trunk, the right from the aortic arch, and there was a 
large patent ductus with generous angiographic reversal of flow. These anomalies were 
demonstrated by cine-angiography. 

At operation the very large right pulmonary artery was detached from the aortic 
trunk, and a Dacron graft was interpolated between the side of the pulmonary trunk and 
the right main pulmonary artery. This went smoothly. It was done as a closed procedure, 
and the results so far have been very gratifying. Prior to operation the patient weighed 
14% pounds. When seen 5 weeks later, symptoms had disappeared. The child seemed to be 
quite well, and had gained 4% pounds during the 5 weeks’ time. The child will be re- 
catheterized within the next few weeks. 

This case demonstrates that it is possible to obtain a good result with a plastic 
prosthesis to the pulmonary artery. 


DR. THOMAS C. MOORE, Indianapolis, Ind—We became interested in the problem 
of pulmonary artery replacement following the interesting paper which was presented before 
this Association 2 years ago by Robinson and his associates. Since that time we have replaced 
the proximal left pulmonary artery in 50 animals, utilizing a variety of grafts. We have 
used fresh autogenous systemic artery, fresh autogenous systemic vein, and crimped Teflon 
vascular grafts. The patency in all has been quite satisfactory. 

The animals have been observed from 6 to 391 days following operation. Ten of 14 
systemic arterial grafts remained patent. Seventeen of 19.venous grafts remained patent, and 
16 of 17 Teflon grafts remained patent. 

The patency has been encouraging to us, and has been substantiated by our observations 
with another type of replacement in the superior vena cava, in which we have carried out 
78 grafts, using sizes significantly smaller to significantly larger. We have encountered 


a patency of 86 per cent in the last 50 consecutive grafts. We have also found that all 
of those which remained patent past an early critical period tended to remain patent. 

We also have carried out operations similar to those reported by Dr. Gilbert, employing 
Teflon grafts from the pulmonary artery to the right ventricle. This has been employed 
in 12 animals, and the patency has not been quite as satisfactory as his. We have encountered 
graft occlusion in right ventricular anastomosis in a number of animals. 


DR. ADRIAN KANTROWITZ, Brooklyn, N. Y.—During the summer of 1959 I had 
an opportunity to visit the first thoracic surgery hospital in Moscow, and, subsequent to this, 
Dr. Kolyesinkov, who is the Director of this unit, sent me a stapling device which was de- 
signed to staple the auricular appendage. I thought it might be of some interest to see 
what this device looks like. 

I have a short 2-minute movie which I would like to show. [A film was started.] 

The instrument comes in this wooden box, which is plush-lined, and consists of several 
parts: the stapler itself, a container with two extra magazines, and a small box which con- 
tains the tantalum staples. The staples are small and sharpened. They measure about 4 
mm. by 4 mm, The two extra magazines are identical, and it comes apart very simply, 
like this. 

First the driving nut is placed on one end of the jaw. This is the staple advance 
apparatus. The second part of the jaw snaps into position, and the handle just simply 
clicks into place. 

The magazine, containing two lines of eight staples, is simply fixed, on one side of 
the jaw, and then by simply squeezing the handle the staples are put into position. 

Here, demonstrating on a small piece of gauze, the jaws are closed and the staples are 
driven home. Here is the double row of staples, and this is the obverse side, and on the 
inside, one can see a nice seal. 

This is a patient in which we had just completed doing a commissurotomy. The stapling 
apparatus is placed just below the Satinsky clamp, and the jaw is advanced, the safety device 
is opened, and the jaws closed. 
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Here you can see the double row of staples placed at the base of the left auricular 
appendage. 


DR. KIYOSHI INOKUCHI, Kyushu, Japan.—I am very interested in Dr. Takaro’s 
speech, since several years ago I also worked out a device on the mechanical suture of blood 
vessels. This involved the multiple stapling of everted vessels with special steel clips. A 
description of my end-to-end apparatus was published in the Archives of Surgery in 1958. 

[Slide] Last year I devised a side-to-end apparatus and successfully applied it to 
7 patients during splenorenal shunts. 

[Slide] Later I constructed another type which is specifically applicable and con- 
venient for end-to-end anastomosis of large vessels. It is of a different type from that de- 
scribed by Dr. Takaro. 

[Slide] Some people may be suspicious that the device is only good for laboratory 
experiments, and that it would be hardly applicable to clinical cases. However, I disagree 
with such an opinion because of my previous experiences. In long-survival experiments in 
135 dogs, there were only three failures from thrombosis. There was none from anastomotic 
insufficiency. 

The results from grafting of a small artery, as shown here, showed only two failures in 
34 cases, in contrast to the results from the use of the manual suture, in which there were 
eight failures in 15 cases. 

[Slide] Homologous vein transplantation of the portal vein showed no failures in 9 
cases, while there were 4 cases of failure in ten instances when the manual suture was used. 

[Slide] So far, I have used my end-to-end stapling device in 22 patients with satis- 
factory results. Particularly, I should like to point out that the apparatus was also applied 
to sclerotic, thickened vessels, without many technical difficulties or mishaps. 

I believe that a well-designed multiple stapling device can overcome the difficulties in 


patients with the manual suture, and that it is able to make a good contribution to vascular 
surgery. 


DR. HENRY T. BAHNSON, Baltimore, Md.—We agree with Dr. Littlefield that coro- 
nary perfusion is good and necessary. Even when using hypothermia, we continue to use 
perfusion lest we fall into the same trap as the band wagon of potassium citrate from which 
most of us have recently alighted. 

It is difficult to transfer conclusions from the dog to man, because of the very small 
size of the right coronary artery. We believe both arteries should be perfused in the human 
being. This is more trouble [slide] than not perfusing them, obviously. 

We have found that the catheters shown here are the easiest of the several types that 
we have used. We continue to use perfusion cannulas like the one that Dr. Littlefield showed, 
after the suggestion of Dr. Muller. In most instances, however, this catheter, patterned after 
one that Dr. Starling used in coronary perfusion many years ago, has worked satisfactorily. 
These have metal tips on them plus a small balloon and a plastic catheter. 

They are relatively easy to insert and are held in with a suture. The balloon is inflated 
with saline, and when the catheter is removed, this is deflated. We have used them for 
periods up to 80 minutes with good maintenance of cardiac tone and resumption of cardiac 
activity when the circulation is restored. 

[Slide] We have used this particularly in regard to cusp replacement, although they 
have also been used in valvuloplasty and removal of calcium from the aortic leaflets. This 
shows the method of making the cusps which we have used. This is Teflon fabric formed 
over a mold. When the knitted fabric is heated to 500° F., the plastic assumes the shape of 
the mold, and one ends up with a cusp like the one shown in the next slide. 

[Slide] We have tried to replace all three cusps in a single patient, without success. 
One of our difficulties has been, I believe, in determining the proper size of these cusps. It 
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is much simpler when only a single cusp is contemplated, and we believe in many instances, 
if not most instances, use of a single cusp will probably carry the patient along at least 
until our technical advances catch up with the patient’s disease. 

We have used these in 4 patients. With 3 there has been dramatic improvement. The 
fourth patient died a week later of a myocardial infarction. 

The end result looked very much like the silicone-coated cusp which Dr. Hufnagel 
showed. It was more flexible than the adjacent cusp, on which we had done a valvuloplasty. 


DR. CHARLES P. BAILEY, New York, N. Y.—Perfusion of two coronaries is generally 
better than that of one. However, there is a great variation in human cases, and, in some, 
the intercoronary collaterals apparently may serve us well, as in cases in which there is 
difficulty in cannulating the right coronary artery. 

[Slide] The right coronary artery sometimes bifurcates almost immediately after its 
origin, so cannulation may be difficult. This is the equipment we have used, two polyethylene 
tubes with sponge rubber carrot-like cuffs which are inserted as shown on the next slide. 

[Slide] The left coronary cannula is affixed by an encircling purse-string suture placed 
within the aortic lumen; the right one by a suture passed externally around the right coronary 
artery. We tried tubing and spring-like devices but have come to not use them. First, they 
get in the way of the surgeon, and, second, if the aortic incision is made close to the right 
coronary ostium, a strong assistant holding a metal cannula may pull the coronary artery 
completely off the aorta. This creates a very difficult problem. » [Laughter] 

Another thing we have found is that flow rates required in these cases are larger than 
one would expect. Naturally, these operations are performed for aortic disease, usually 
stenosis or insufficiency, and the heart is much larger than normal. No doubt the coronary 
circulation is less adequate than usual. We have found that a flow of 200 or 300 cc. a 
minute usually is not enough for an adult at normothermic temperatures and have had to 
increase it up to 1,000 c.c. per minute in some instances. 


Studies on dead hearts in patients of this type, and studies at the operating table, 
suggest that the desired flow rate is infinitely variable and should be monitored by measuring 
the pressure within the coronary artery. This may be obtained by direct needle puncture— 
as distally in the coronary tree, of course, as is feasible. We think the coronary arterial 
pressure should be kept at about the level of the systemic arterial perfusion pressure. We 
urge that both coronaries be used whenever possible. 


However, if there is a retrograde perfusion flow of dark blood from the right coronary 
ostium when the left is perfused, that patient probably has good enough intercoronary col- 
laterals to get along, especially if the time of aortotomy is going to be reasonably short. 
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THE AMERICAN ASSOCIATION FOR THORACIC SURGERY 


Notice of Annual Meeting 


The Forty-first Annual Meeting of The American Association for Thoracic 
Surgery will be held April 24, 25, and 26, 1961, in Philadelphia, Pennsylvania. 
Headquarters will be the Sheraton Hotel. 


Requests for Hotel Reservations 


These should be mailed directly to Mr. Brian Kirby, Reservation Manager, 
Sheraton Hotel, Philadelphia 3, Pennsylvania. Please mention this Associa- 
tion, the type of accommodation desired, the date, and approximate hour of 
arrival and departure. If accommodations are desired elsewhere please com- 
municate directly with the hotel of your choice. 


Material for the Program 


ScrentiFIc Parers.—Abstracts of all papers proposed for presentation at 
the 1961 meeting must be received on or before November 15, 1960, otherwise 
they will not be considered by the Program Committee. These should be 
labeled ‘‘For Thoracic Surgery Forum”? or ‘‘For Regular Program’’ depending 
upon the nature of the subject matter, in the same manner as in previous 
years. They should contain from 200 to 250 words that accurately reflect the 
content of the completed paper. 


Siz, repeat, six clearly legible copies of each abstract must be sent to Miss 
Ada Hanvey, Administrative Assistant, The American Association for Thoracic 
Surgery, 308 Carondelet Building, 7730 Carondelet Avenue, St. Louis (Clayton) 
5, Missouri. 

Essayists selected for the program are reminded that papers presented at 
the meeting must be handed to the secretary immediately after their presenta- 
tion. If they are not ready at that time there is a chance that they will not be 
published in THE JOURNAL OF THORACIC AND CARDIOVASCULAR SURGERY. 
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Applications for Membership 


Applications for Associate Membership in the Association must be received 
by the Membership Committee not later than November 15, 1960, otherwise 
the application will be deferred for consideration until the 1962 meeting. 

Applicants must be sponsored by three Active or Senior Members of the 
Association. In addicion to the signature on the application form, the sponsors 
will forward a separate letter concerning the applicant directly to: 

Frank Gerbode, M.D. 

Chairman of the Membership Committee 
Presbyterian Medical Center 

San Francisco 15, California 

Sponsors are reminded that new letters of recommendation must be 
forwarded to the Chairman of the Membership Committee should their appli- 
cants be held over for reconsideration a second year. 











